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Intensive aquaculture of the Greenshell™ mussel Perna canaliculus has occurred in Big 
Glory Bay, Stewart Island since 1987. The objective of this study was to investigate 
possible reasons for the reduction in mussel growth rates in the Bay that affected farmers 
during the late 1990's. The first part of the study was aimed at assessing temporal and 
spatial differences in water properties along a seven station transect from Foveaux Strait 
(FS), through Paterson Inlet (PI) and into Big Glory Bay (BGB). The second part of the 
study aimed to relate monthly changes in the growth and condition of mussels at three 
farm sites and two depths in BGB with measured water properties. 
Measurements made of the mussels included live weight, shell weight and length, wet 
and dry tissue weight. Water properties were measured by CTD profiler (temperature, 
salinity, chlorophyll-a), from laboratory analysis of water samples (dissolved reactive 
phosphate (DRP), ammonium, total organic nitrogen (TON), chlorophyll-a), and water 
clarity was measured using a Secchi disc. Monitoring occurred on a monthly basis for 
thirteen months from July 1999 to July 2000. 
There were clear seasonal cycles of temperature, chlorophyll-a, and TON at all stations· 
along the transect. There were also clear inter-annual differences in the temperature, 
salinity, chlorophyll-a, ammonium and TON at all stations between the samplings in July 
1999 and July 2000. Statistically significant differences were found between the 
measured properties in FS, PI and BGB for many months of the study, illustrating that 
although BGB is reliant on PI and FS for water exchange, the relationship is limited and 
BGB shows signs of being self-regulating and independent. Comparisons between data 
collected in the present study and previous investigations in the area found no measurable 
change in chlorophyll-a and TON concentrations. 
Mussel growth during the study was very slow (10 mm in 12 months) due in part to their 
age (3 years) and size (80 mm) at the outset of the study, but also due to the seeding 
density (-400 mussels/ m). Mussels from 15 m depth grew faster than mussels at 5 m, 
and there were significant differences in growth rate between the three farm sites. 
Growth was fastest over the summer months, related to water temperature, but primarily 
food availability. 
Mussel condition increased through spnng and summer, peaking in early autumn 
(March). Rapid loss of condition from March to June appears related to the reproductive 
cycle and decreasing levels of food. Mussel condition correlates strongly with water 
temperature and TON levels, which are co-variants in the relationship between mussel 
condition and phytoplankton productivity. 
Although inter-annual variability in the BGB system is high, this study did not find a 
significant change in environmental conditions that could account for the reduction in 
growth rate of mussels in BGB in the late 1990's. This would suggest that the dramatic 
increase in the number of farms in the bay, but more specifically seeding density and 
individual farm management, might be responsible for the slow growth rates experienced 
in the past few years. 
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Chapter 1. General Introduction 
1.1 Classification and Morphology 
The Greenlipped mussel, Perna canaliculus (Gmelin), is classified as Phylum Mollusca, Class 
Bivalvia, Subclass Pteriomorpha, Order Mytiloida, Family Mytilidae (Jenkins, 1985). Perna 
canaliculus is indigenous to New Zealand, and commonly known as the green mussel or 
kutai, and is registered as the Greenshell™ mussel for international marketing. The closest 
relation is P. perna in South America and Africa, and P. viridis in the In.do-Pacific (Jeffs et 
al., 1999). 
Perna species are distinguishable from Mytilus by the presence of post-metamorphic lateral 
hinge teeth, and in the adult by the lack of an anterior adductor mussel and discontinuous 
posterior retractor mussel (Jeffs et al., 1999).. P. canaliculus is the largest of twelve mussel 
species in New Zealand, known to reach up to 230 mm in shell length, and distinguishable 
from other species by the characteristic emerald green interior shell margin (Hickman, 1991). 
Distribution of P. canaliculus is New Zealand-wide, but is most abundant in central and 
northern coastal waters where it naturally inhabits subtidal or low-intertidal zones (Jenkins, 
1985). 
Basic biological study of P. canaliculus did not begin until the late 1960's when the potential 
for cultivation of the species was recognised. Consequently, much of the biological data 
relates to growth and condition in suspended cultivation (Hickman, 1991). Greenshell 
mussels can become mature in the first year, with the separate sexes showing creamy (male) 
and reddish-apricot (female) gonad tissue (Hayden, 1995). Growth of P. canaliculus is 
continuous throughout the year, but has been directly linked with temperature and food 
availability, and therefore shows seasonal variation (Hickman, 1979). 
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1.2 Fishery and cultivation 
Handpicked mussels from the coastline provided a significant food source for pre-European 
Maori, and likewise became a popular food for non-Maori settlers (Hickman, 1991). 
Handpicking for commercial purposes began in the late 1800's and expanded to a dredge 
fishery of subtidal beds in 192 7. When the dredge fishery of the Hauraki Gulf rapidly and 
completely collapsed in the 1960's, an alternative fishery opened in the Tasman Bay -
Marlborough Sounds area (Jenkins, 1985). This fishery also proved unsustainable, and 
cultivation of P. canaliculus slowly evolved in Northland, Coromandel and the Marlborough 
Sounds. Initial attempts to cultivate P. canaliculus were based on the Spanish raft technique, 
and subsequently switched to the Japanese long-line system. This has been slightly adapted 
by the New Zealand farming industry to the continuous long-line. A typical 3 hectare farm 
generally consists of eight to ten longlines, each consisting of two parallel backbone ropes 
suppmied by up to 50 black plastic buoys (Figure 1.1 ). Culture rope is looped continuously 
from the backbone, being up to 3500 m long, depending on the depth of water in which the 
farm is located (NZMF A, 1997). 
Figure 1.1 Construction and layout ofa typical longline mussel farm (NZMFA, 1997, pg17) 
buoys 
Culture rope (up to 3500 min length) 
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Significant mechanisation of seeding, harvesting and processing techniques has increased the 
efficiency of all production stages (Jeffs et al., 1999). The mussel industry is reliant on a 
clean and healthy marine enviromnent. In recognition of this fact, the industry has 
implemented an environmental policy to ensure all stages of production comply with 
numerous legislative acts, and to ensure sustainability of the farming practice (NZMIC, 1997). 
Small-scale cultivation occurs in a number of areas on the New Zealand coastline, but the vast 
majority of production is based in the Marlborough Sounds, with 80% of total crops produced 
in this region from 1840 hectares of licenses. The eastern Hauraki Gulf and Coromandel ( 414 
ha) and Big Glory Bay (148 ha) are other areas of production (Jeffs et al., 1999). Exports 
account for over 90% of Greenshell™ production (P. Lupi, pers comm), 70% of which is in 
the forn1 of frozen-halfshell, popular for use in restaurants. The Greenshell™ was the second 
largest expo1i earner for the seafood industry in 1998, reaching $NZ 118 million, from 70,000 
tonnes greenweight (unprocessed weight). In 2000, exp01i earnings topped $170 million, 
from 75,000 t greenweight. This significant increase in earnings from increased production of 
only 5,000 t, was due to the low monetary exchange rate, and high market prices (P.Lupi,pers 
comm). The Greenshell™ mussel industry is still the second most successful seafood species 
in New Zealand, after hoki, and predictions for the future are good. 
" ... providing there is fair and reasonable legislation for Aquaculture in New Zealand, 
then Greenshell™ Mussels will become the largest species in the New Zealand seafood 
industry. It will overtake hoki and is capable of earning annual export sales of $500 
million plus. By the year 2020 the Aquaculture Industry has the potential to match the 
wild fishery and this development will have been done in an environmentally 
sustainable way." (Floyd, 2001) 
1.3 Growth and condition 
Growth rates of mussels and understanding the cycles of condition and fatness are vital 
aspects of the biology of mussels that can effect mussel farmers. Fast growth rates, and 
therefore short periods to reach harvestable size (80-100 mm, Hickman, 1991 ), increase the 
profitability of farming by decreasing crop rotation time. A mussel farmer attempts to 
maximise the yield of their fann without having an adverse effect on growth rate (James and 
Ross, 1997). Seeding density and farm management are important considerations in this 
balance. 
Economic returns, and thus profit for a farmer are based on the meat yield of a crop. 
Condition of mussels can vary throughout the year. Condition has been related to a variety of 
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environmental and metabolic activities, primarily food availability, temperature and 
reproductive processes (Hickman and Illingworth, 1980). A farmer has little control over the 
condition of their mussels, but an understanding of the condition cycle and harvesting at 
appropriate times can markedly increase returns. Harvest volumes can fall by up to 65% in 
the months following spawning because the mussels are in poor condition (Fox, 2000). 
Mussel growth and condition in the Marlborough Sounds were poor from 1996-1999, with 
condition down as much as 15% on 1995-1996 levels (Hayden et al., 2000). This downturn 
in production prompted the Mussel Industry Council, Regional Councils and the Ministry of 
Fisheries to question whether the carrying capacity of certain embayments had been reached. 
Carrying capacity in this instance is defined as the highest density of shellfish which can be 
farmed in an area without significantly affecting shellfish growth rates (James and Ross, 
1996). In response to these concerns, a dynamic carrying capacity model was developed, 
incorporating hydrodynamics, ecosystem processes, and mussel energetics (Hayden et al., 
2000). The overall aim of the research was "to define and numerically model the processes 
that determine sustainability and suitability of coastal embayments for mussel aquaculture" 
(James et al., 1999). After years of exhaustive data collection and analysis, estimates of 
carrying capacity are now available for Beatrix Bay, a major farming embayment in the 
Marlborough Sounds. It is suggested that most of the variability in mussel condition and 
growth in Beatrix Bay, is associated with environmental variables and not stocking levels 
(James et al., 1999). The simplest explanation for reduced mussel growth rates in certain 
years in Beatrix Bay, is the amount of rain. More rain leads to greater river flows, increased 
stratification of the water column, higher phytoplankton levels and consequently better mussel 
condition and growth, but there are other factors which can affect this relationship (James et 
al., 1999). From this initial study, it will be possible to develop ecosystem models for other 
key farming areas and a variety of cultured species (Hayden, 2000). 
1.4 Site description 
Stewart Island is 27 kilometers south of Bluff, at the southern tip of New Zealand's South 
Island (Figure 1.2). Paterson Inlet (Pl) is a large faulted depression on the eastern side of 
Stewart Island, immediately south of the main settlement in Halfinoon Bay. The catchment of 
PI is unbroken native forest, which contributes to the exceptional water clarity of the area. PI 
is a pristine marine ecosystem, supporting a large recreational fishery for blue cod, trumpeter, 
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Figure 1.2 Map of Stewart Island, showing the location of Paterson Inlet and Big Glory Bay. Insert 
showing the location of Stewart Island in relation to South Island, New Zealand (O'Callaghan, 1998). 
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paua, kina and lobster. Commercial fishing ceased in the inlet in 1994 when a voluntary 
agreement by fishing companies had them forgo future commercial opportunities (Elvy et al., 
1997). Big Glory Bay (BGB) is the largest embayment off Paterson Inlet, immediately south 
of the entrance to Foveaux Strait. The catchment of BGB consists of native rainforest, 
covering an area of 27 km.2, with no significant freshwater inputs to the bay. BGB has a 
surface area of 11.9 km.2, and mid-tide volume of 0.189 km.3 (Pridmore and Rutherford, 1992). 
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Water movement was not monitored as part of the present study, however water circulation in 
BGB has been described previously. 
"The general pattern of circulation in the Bay consists of a deep incoming current 
through the center of the Bay, rising near the surface when it encounters the shelf of 
shallower seabed running around the edge, and flowing out along the surface around the 
sides of the bay." (Morrisey et al., 1998, pg. 2) 
The semi-enclosed nature of BGB restricts the rate of exchange of seawater with Paterson 
Inlet (PI), and with Foveaux Strait (FS) (Edwards, 1988). Hydraulic residence and flushing 
times were estimated for BGB by Pridmore and Rutherford (1992), as part of a model of 
phytoplankton abundance in the bay. Flushing time was estimated to vary from 10-14 days 
under light wind conditions, reduced to approximately 5 days during strong westerly winds. 
Wind was also considered an important factor in water movement and exchange with PI by 
O'Callaghan (1998). He concluded that tidal movement in BGB essentially displaces water 
back and forth with some dilution, but that wind and baroclinic flow enhanced tidal excursion 
distances and mixing. 
Nutrient sources and abundance were also major components of the studies by O'Callaghan 
(1998) and Pridmore and Rutherford (1992). Despite the estimated input of 155-206 t(N)/yr 
from the salmon farms in 1988-89, phytoplankton in BGB were found to be nitrogen-limited 
during a bloom in January 1989 (Pridmore and Rutherford, 1992). The same study concluded 
that although the salmon farms in the bay were significant sources of nutrients, the nitrogen 
concentration of PI had the greatest affect on nitrogen concentrations in the bay. O'Callaghan 
(1998) observed a net export of nutrients from BGB during both stratified (February) and well 
mixed (September) conditions. 
Marine farming on Stewart Island is restricted to BGB. Salmon farming began in 1982 
followed by mussel farming in 1987. At the time of the present study, there were two salmon 
farms and 148.4 hectares of mussel farms (35 leases) operative. The number of salmon farms 
have been decreasing since the early 1990's, while mussel farming has become increasingly 
popular. BGB is one of the most-studied bays in New Zealand, but many of the studies are in 
the form of theses and unpublished reports for salmon farmers, the Southland Regional 
Council, and the Department of Conservation. A number of algal blooms in the bay were 
well documented in the literature (Chang et al., 1990; MacKenzie, 1991; Pridmore and 
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Rutherford, 1992; Pearce and Peake, 1993; Rhodes et al., 1995). As noted above, water 
movement and nutrient concentrations have also been the subject of extensive investigation as 
they relate to the effects on, and affects of salmon farming in the bay (Edwards, 1988; Roper 
et al., 1988; Pridmore and Rutherford, 1992; Pridmore, 1995; O'Callaghan, 1998). The 
effects of mussel farming on water quality, sediment quality, and benthic assemblages are 
presently monitored by the National Institute of Water and Atmospheric Research (NIWA) 
for compliance with coastal permits and marine farm licenses (Morrisey et al., 1998; Morrisey 
and Cole, 1999; Bull and Cole, 2000). All these studies provide a wealth of data to which the 
findings of the present study can be related. 
The present study has been undertaken at the request of, and with financial backing of the 
mussel farmers in Big Glory Bay: A.D. Eade and 0.J. Eriksson, Gorton Fisheries, Jeff 
Walker, Sanford Limited Bluff, Schofield Seafarms, Southfish, T.J. and H.E Maass-Barrett. 
The impetus for the study was a dramatic reduction in growth rates in the late 1990's, similar 
to that experienced in the Marlborough Sounds. Time from reseed to harvest from 1992-1994 
was 13-14 months. The crop reseeded in May 1996 was not harvested 33 months later when 
this study was initiated in February 1999, (S. Marwick, pers. com.). The individual farmers 
and different areas of the bay were suffering to greater and lesser degrees. 
As a consequence of the reduced growth rate of Perna canaliculus in BGB, this study was 
designed with the following general aims. 
• To investigate seasonal, spatial and temporal variations in water properties between 
Big Glory Bay (BGB), Paterson Inlet (PI), and Foveaux Strait (FS). Relating this 
information to historical studies in the area may identify environmental changes 
responsible for reduced mussel growth in BGB. 
• To investigate growth rates and the condition cycle of Perna canaliculus, at three 
farm sites and at two depths in BGB. Correlations with environmental properties 
monitored at these sites could provide indications of the factors effecting growth and 
condition in BGB. 
• To investigate the reproductive cycle of Perna canaliculus in BGB, and relate this to 
the condition of the mussels, and to water temperature and food availability. 
Chapter 2 - Water Properties - Introduction 8 
Chapter 2. Water properties 
2.1 Introduction 
There are numerous studies of hydrodynamic regimes, spatial variability of nutrients and the 
seasonality of environmental factors affecting phytoplankton abundance and growth in areas 
where mussels are intensively cultured. Understanding the aspects of the environment that 
make a mussel grow fast or fatten quickly, has created an industry in itself - of scientists 
eager to investigate the complexities of the coastal ecosystem. The Marlborough Sounds, 
where the vast majority of Greenshell mussel production occurs, have been the subject of a 
plethora of such investigations. Time-scales have ranged from inter-annual (Hayden et al., 
2000), to tidal (Bradford et al., 1987), and spatially from the entire Pelorus-Keneperu system 
(Sutton and Hadfield, 1997), to within-farm dynamics (Ogilvie, 1998). The impetus for many 
of the studies has been to gain greater understanding of phytoplankton abundance and 
seasonality (as this is the major food source of the mussels), and the abundance and 
seasonality of nutrients upon which phytoplankton are reliant for growth. 
"There are four factors which in combination make one area better than another for 
aquaculture: 
• A continuous supply of phytoplankton within the depth range of the farmed 
mussels. 
• Continuous water movement to carry food to the mussels in the farm. 
• Extended residence times to allow in situ produced phytoplankton biomass to 
accumulate within the embayment rather than being flushed out. 
• An adequate supply of nutrients within the euphotic zone to support the 
phytoplankton growth." (Gibbs, 1991, page 6) 
It is generally agreed that nitrogen (N) is the nutrient most likely to limit phytoplankton 
growth in coastal waters, as shown in many field studies related to Greenshell mussel farming 
in the Marlborough Sounds (Bradford et al., 1987; Gibbs et al., 1991; Gibbs et al., 1992; 
Gibbs and Vant, 1997; Ross et al., 1998b; Ogilvie et al., 2000). The practice of mussel 
cultivation itself contributes to N-limitation, as nutrients in mussel faecal-matter are buried 
beneath farms, and nutrients are lost from the system when mussels are harvested (Gibbs and 
Vant, 1997). Major sources of N to the Pelorus-Keneperu system include Cook Strait 
(Bradford et al., 1987), the Pelorus River (Gibbs et al., 1992), and remineralisation of 
organic-N buried in sediments beneath mussel farms (Kaspar et al.,, 1985). Primary 
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productivity is also known to be stimulated by the recycling of inorganic-N by bivalves 
(Bayne and Scullard, 1977; Dame and Dankers, 1988; Asmus and Asmus, 1991). In a recent 
study on Greenshell™ farm dynamics in Beatrix Bay (Pelorus Sound), increased 
phytoplankton abundance inside a mussel farm during a period ofN-limitation was attributed 
to nitrogenous excretions of the mussels themselves (Ogilvie et al., 2000). 
While N-limitation is most likely to occur in the summer months, phytoplankton have also 
been found to be light-limited during the winter (Gibbs and Vant, 1997; Ross et al., 1998b; 
Ogilvie et al., 2000). Phytoplankton also require phosphorus for growth, but this is not likely 
to be limiting in the coastal environment (Ross et al., 1998b). 
Although it is obvious that water temperature varies seasonally in coastal systems, other 
factors affecting mussel growth may or may not cycle on an annual basis. Phytoplankton 
abundance in the Marlborough Sounds shows a high degree of variability, with weekly 
fluctuations, seasonal changes and inter-annual differences (Ross et al., 1998b). Monitoring 
has shown phytoplankton to be most abundant in the autumn and winter (Gibbs, 1991; Gibbs 
and Vant, 1997; Ross et al., 1998b; Ogilvie et al., 2000), and lowest during summer. 
Seasonality of nitrate levels is both influenced by, and controls phytoplankton abundance: 
"High levels of nitrate occur over the winter when the phytoplankton have lower 
nutrient demand because their growth rate is limited by the amount of sunlight available 
at this time. As light levels increase during the spring, and stratification strengthens, the 
phytoplankton bloom, and use most, if not all, of the surplus nitrate in the water. 
Thereafter, although nitrate is continuously re-supplied from bottom waters, the demand 
remains high. Hence little surplus nitrate is observed during the summer months. 
Following the decline in light levels in late autumn the demand for nitrate by the 
phytoplankton declines. Hence the nitrate concentration again rises towards winter 
levels." (Ross et al., 1998b, page 34) 
This statement not only highlights the relationship of phytoplankton and nitrate, but also the 
complexity of the system as a whole, incorporating sunshine hours and water stratification -
both of which are ultimately influenced by weather patterns. 
BGB has received a lot of research interest since the advent of salmon farming in the early 
1980's, but most studies have focussed on the effects of the salmon farms on the embayment. 
The salmon farms were found to be a significant source ofN to the BGB system, contributing 
30% ofN-inputs in 1989 (Pridmore and Rutherford, 1992). Other significant sources ofN are 
from the bottom sediments, catchment runoff and rainfall. However Pridmore and Rutherford 
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(1992) concluded that nitrogen concentrations in BGB were most affected by the 
concentration of nitrogen species in PL These in tum vary from. year to year as the result of 
incursions into FS of highly fertile oceanic water (Bradford et al., 1991). These incursions 
are thought to effect productivity in BGB, and hence the condition and growth of mussels in 
BGB (S. Marwick,pers comm). 
The variability of N in BGB is of particular interest to mussel farmers because of the 
demonstrated links to phytoplankton abundance in the Marlborough Sounds, but also as it has 
been shown to limit phytoplankton growth in BGB (Pridmore and Rutherford, 1992). 
Obviously, phytoplankton abundance is critical to the farmers as the food source of their 
stock. Detectable changes in chi-a or N-species over the past decade might be used to explain 
growth rates of mussels in the Bay. 
In undertaking an investigation of water properties along a transect from. FS, through PI and 
into BGB, this study was designed with the following objectives. 
Objective 1: Seasonal trends 
To investigate seasonal changes in the levels of each property in the three areas, and at each 
station along the transect. 
Objective 2: Spatial trends 
To investigate the relationships between the water properties of BGB with FS and PI through 
statistical analysis. 
Objective 3: Correlations 
To investigate the relationships between the measured water properties, with particular 
interest in those effecting chi-a concentration. 
Objective 4: Chlorophyll-a and total organic nitrogen variation 
To investigate whether chlorophyll-a and total organic nitrogen concentrations in BGB have 
changed significantly from previous studies. 
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2.2 Sampling strategy and methods 
Water properties were measured, and samples were taken along a seven station transect from 
Foveaux Strait (FS), through Paterson Inlet (PI) into Big Glory Bay (BGB) and at three farms 
in BGB for thirteen consecutive months. Figure 2.01 shows the approximate position of 
sampling sites which were located each day using visual marks and a GPS plotter (Raytheon 
61 DEST) on board the 12.5 m vessel Extravacat used for sampling. On each day the same 
sampling procedure was followed at each station, and stations were always sampled in the 
same order, being stations O and 1 (FS), stations 2 and 3 (PI), station 4, farm 3, station 6 and 
7, farm 1 and farm 2. 
re 2.01 Map of study area, showing the approximate position of sampling stations. 
:r depths are as follows: FSO=SS m, FS1=35 m, PI2=20 m, PI3=20 m, BGB4=28 m, BGB5= 
6=30 m, BGB7=28 m, BGB8=28 m, BGB9=28 m. (map from O'Callaghan, 1998) 
46°55'S 
Paterson Inlet 
.~. \] CZ::, 
' ~~ ····~~ 
Farm site 1..:__~]=.; ,· '1--w . 7 
~~ 
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The sampling procedure at each station was as follows. The CTD ( conductivity, temperature, 
depth profiler - Seacat SBE 19, Seabird Electronics Inc, Washington, USA. See Appendix A 
for specifications), was switched on and lowered to just below the waters surface, allowing at 
least 45 seconds for pump activation and recording to begin. The CTD was lowered through 
the water column at a rate of 1 m/sec. A Van-Dom bottle was used to collect a single water 
sample from a depth of 5 m. A 1-litre sub-sample was transferred to an opaque plastic bottle 
and stored in a closed chilli-bin until filtration was possible. Elapsed time between sampling 
and processing was a maximum of 3 hours. Water clarity was estimated to the nearest meter 
using a 20 cm diameter Secchi disc, always by the same person to eliminate interpersonal 
variation. 
Water samples were filtered onboard the Big Glory Seafood's Barge Kiwa, using a venturi 
system. 500 ml of each water sample was filtered through Whatman GF/F glass fibre 47 mm 
diameter filters with a nominal cutoff size of 0.45 µm. The filter was placed in a labeled 
slide-pouch, foil wrapped and frozen for chlorophyll-a analysis. A sample of the filtrate was 
collected in an acid-washed and rinsed 30 ml Technoplast tube, capped and frozen for nutrient 
analysis. Filters and water samples were initially frozen in a domestic chest freezer, and then 
at -20 °C on returning to Dunedin. This sampling procedure was attempted on four 
consecutive days each month. Equipment failure, boat availability and weather conditions 
resulted in fewer days of sampling for some months (Table 2.1 ). These factors also inhibited 
the plam1ed schedule to sample at the same time each month, and at the same time each day. 
Table 2.1 Sampling days during the thirteen months of research, July 1999 to July 2000. 
Year Month Dates Number of days 
1999 July 21-24 4 
1999 August 16-19 4 
1999 September 20-23 4 
1999 October 26-29 4 
1999 November 15-18 4 
1999 December 20-23 4 
2000 January 24-27 4 
2000 February 21-23 3 
2000 March 27-28 2 
2000 April 24-27 4 
2000 May 15-18 4 
2000 June 21-22 2 
2000 July 10-13 4 
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Data processing: CTD 
Information collected by the CTD profiler was downloaded on returning to Otago University, 
and processed using the PC-DOS program 'Seasoft' (Seabird Electronics, Washington, USA, 
Version 4.234). Hex files are downloaded and processed through the following paths: datcnv, 
filter, alignctd, derive, asciiout. Data from the downcast only was used, to calculate the 
average, maximum and minimum temperature, salinity and chlorophyll-a (chi-a) values for 
each cast of the profiler. 
Dissolved oxygen levels were measured by the CTD, however calibration was unsuccessful, 
and as the oxygen probe is known to drift this data has been discarded. Calibration of the chi-
a recorded in situ by the W etstar ™ fluorimeter attached to the CTD was necessary as this 
instrument is also known to drift. 
Chlorophyll-a calibration 
The GF/F filters through which 500 ml of seawater had passed, were removed from the 
freezer and placed in individual 15 ml test-tubes. Filters were soaked in 10 ml of 90% 
analytical grade acetone overnight, at room temperature in the dark. Tubes were agitated 
before 5 ml of the solution was removed for fluorescence measurement using a Turner 450 
fluorimeter. The filter set comprised of a NB440 narrow band excitation filter (band width 10 
nm) and an SC665 sharp cut emission filter (Schallenburg, 1997). Samples were then 
acidified with two drops of 4 N hydrochloric acid and measured again for fluorescence of 
phaeophytin. The fluorimeter was periodically calibrated using primary chlorophyll standard 
and recalibrated daily using secondary coproporphyrin standards (Sigma-Aldrich Pty. Ltd: 
catalogue# COP-15). Laboratory processing was not conducted for September, October or 
January. Results from the laboratory measurement of chi-a were used to correct the in situ 
CTD measurements in the following manner. 
i The ratio between the laboratory measurement ( described above) and the in situ 
measurement at 5 m (obtained using the Wetstar™ fluorimeter), was calculated. 
ii The monthly average ratio was calculated for each month where both sets of data were 
available. 
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iii In situ data for each profile of the CTD was multiplied by the appropriate monthly 
ratio found in ii. For months where laboratory measurement was not possible, the in 
situ data was multiplied by the average ratio of the two flanking months. For example 
January was multiplied by the averages of the December and February. 
The chl-a data adjusted using the above procedure is therefore a best estimate of the chl-a in 
the water column. Only the data from 5 m can be viewed as strictly accurate. However, a 
linear regression between the monthly average laboratory results and monthly average 
adjusted CTD data over all depths has an r2 of 1.000 (Figure 2.02). Hence there is reason to 
be confident in the chl-a results for all depths. The e1Tor of the monthly mean for adjusted 
chl-a over all depths is less than 0.025 for each month, and therefore does not show up on the 
figure. 
Figure 2.02 Relationship between monthly average chi-a results measured in the laboratory, and monthly 
average adjusted in situ data over all depths. 
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Sample processing: Nutrient analysis 
Defrosted water samples were analysed photometrically for total oxidised nitrogen (TON: 
N02- + N03), ammonium (NH/) and dissolved reactive phosphate (DRP: P04-) using a 
Quickchem® 8000 automated ion analyser (Lachat Instruments Inc, Wisconsin, USA). The 
processor is accurate to 0.1 µg/1 for all three nutrients. Minimum detectable levels of the ion 
analyser are as follows: DRP (0.93 µg/1) TON (0.42µg/l), ammonium (0.98 µg/1) (C. Hurd, 
personal communication). 
It was not possible to run replicate field samples due to the cost of the processing procedure. 
Where necessary, results were re-processed using the associated Omnion flow injection 
analysis software (Version 1.3, Lachat Instruments Inc) to remove pH and or saltwater effects. 
A fault with the instrument in processing the TON and DRP samples of September and 
October rendered the results relative to each other, but unrealistically high given the 
conditions of the sampling area. The results of these months have been scaled relative to the 
average values for August and November in order to adjust them to the appropriate data 
range. There were no ammonium results at all for September and October due to this 
instrument fault. 
Data presentation and statistical testing 
Spatial trends in the CTD data are examined by finding the average, maximum and minimum 
temperature, salinity and chl-a levels, from each cast, for each day of sampling. The overall 
average ( of all data from casts on consecutive days at the same station), maximum and 
minimum level for each station each month, are plotted in the results section for each 
parameter (for example see Figure 2.03). These figures therefore show the total range of data 
collected over the sampling days each month, and in this way provide more information than 
plotting the mean ± standard deviation at each station. The degree of difference between the 
maximum and minimum values at a station, show that some stations have greater variation in 
temperature/salinity/chi-a than other stations. As the CTD casts combine data from all 
depths, some stations therefore show greater stratification of properties than other stations. 
Although this still represents a 'snapshot' view of environmental conditions, four consecutive 
sampling days capture a greater range of data than four replicate casts on the same day. 
Accordingly, this system provides a better estimate of 'average' conditions experienced at 
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each station, each month. Stations are then grouped by area (FS, PI, BGB) to compare 
monthly averages of each parameter in each area. Analysis of variation (ANOV A) was used 
to examine the averages of each CTD cast (for each parameter), using the four sampling days 
as replicates for each station, in order to compare areas (n=3) and months (n=13) 
For the nutrient data, the average and standard error (=standard deviation!v'n) were calculated 
from the discrete samples collected at a station each month. The four ( or less) sampling days 
are treated as replicates in ANOV A testing for variation of each nutrient in each area, or at 
each station on a monthly basis. The focus of the present study was to compare monthly 
trends, so sampling on consecutive days established a better picture of what the monthly 
conditions might be than by taking four samples on the same day. 
Statistically significant differences between water property averages in each area as 
determined by ANOV A (p~0.05) are indicated by the following symbols on figures. 
• BGB andFS 
+ BGB and PI 
• FS and PI 
* all areas significantly different 
ANOVA tables not included in the results section are presented in Appendix D. Italicised 
numbers in brackets in the text indicate the appropriate ANOV A table to which to refer in this 
appendix, for example (2.4). 
The sampling undertaken at the farm sites (Figure 2.1) was processed using the same 
procedures presented in this section, however these data will be considered separately in 
Chapter 3. 
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2.3 Results 
Results for each water property will be considered separately in the following manner: how 
the parameter varies spatially along the transect each month, followed by temporal variation -
in terms of how the parameter changes seasonally in the three areas. Appendix B contains 
pivot tables of the CTD data collected for each month of the study, including the adjusted chl-
a data. Appendix C contains the results of nutrient analysis for each water sample collected in 
the study. 
Temperature 
The average, maximum and minimum temperatures measured using the CTD profiler over all 
depths are presented in Figure 2.03 for each month of the study. A minimum temperature of 
9.34 °C was recorded at station 7 in July 1999, and a maximum of 15.34 °C at station 4 in 
January. Temperature increased steadily at all stations from July 1999, and then decreased 
from January to a low of 10.28 °C in July 2000. During the winter months (June-September) 
temperature decreased along the transect, being significantly cooler in BGB than FS, by up to 
1.5 °C. This trend is reversed in the summer where temperature rose with distance along the 
transect, being increasingly warmer in PI and BGB compared to FS as summer progressed. 
The range of temperatures in BGB was greater than FS for ten of the thirteen sampling 
months, showing that FS water was more uniform in temperature with depth, as the 'typical' 
profiles in Figure 2.04 illustrate. A comparison of the average temperature of each area over 
the course of the study is shown in Figure 2.05. Symbols on the figure indicate statistically 
significant differences between the monthly average temperature of the three areas. 
Three-way ANOVA (2.1) testing for variation in average temperature shows that there were 
statistically significant differences between months (p::;;0.0001) and areas (p::;;0.0001) when all 
data was combined. The interaction between area and month was also significant (p::;;0.0001), 
indicating that temperature differences were not consistent between areas over the sample 
months. LSD post-hoc tests on month x area, revealed that October and November were the 
only months where there was no significant difference between the average temperatures in 
FS, PI and BGB. As shown in Figure 2.04, temperature was cooler in BGB than FS in the 
winter months and warmer over the summer. Temperature in BGB was also significantly 
different (p::;;0.0001) from PI for 5 months: July 1999, August, Dec, January, July 2000, being 
the warmest and coolest months (Figure 2.05). 
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Figure 2.03 Average, maximum and minimum temperature (°C), at each station on the transect, for each 
month of the study. 
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Figure 2.04 Typical temperature profiles from FS, PI and BGB recorded by the CTD, January 2000. 
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Figure 2.05 Monthly average temperature (0 C) of each area, for 13 months. Symbols indicate statistically 
significant differences (p:S0.05) between areas for each month: • BGB/FS; + BGB/PI; • FS/PI; X:X all 
areas significantly different from each other. 
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Salinity 
CTD profiles illustrate that salinity generally decreased with depth at all stations, and that 
stratification was generally greater in BGB than in PI and FS (Figure 2.06). Changes in the 
average, maximum and minimum levels of salinity along the transect for each month of the 
study are presented in Figure 2.07. In the 13 months of research, salinity on the transect 
ranged between 34.92 psu (October, station 1) and 28.33 (September, station 0). All months 
show a decrease in average salinity from FS into BGB, with the highest average salinity 
always found in FS. Three-way ANOV A (2.2) of the average salinity from all profiles 
showed that both month (p:s;0.0001) and area (p:s;0.0001) were statistically significantly 
different throughout the study. The interaction between month and area is also significant 
(p:s;0.0001). The data in Figure 2.08 also illustrate that although the average salinity in FS is 
always greater than PI and BGB, the difference between the average salinity in the three areas 
is not the same each month. 
The lowest average monthly values were recorded in June 2000 (Figure 2.08). The weather 
station onboard Kiwa recorded 50 ml of rain in the four days prior to sampling, which would 
account for the reduced salinity. CTD profiles from this month show the water column to be 
stratified, with the top five meters having consistently lower salinity than at depth (Figure 
2.09). Minimum values recorded in other months appear to be low salinity pockets of water, 
usually in the top 1 meter, causing spikes in the profile. 
Figure 2.06 Typical salinity profiles from FS, PI and BGB recorded by the CTD, September 1999. 
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Figure 2.07 Average, maximum and minimum salinity (PSU), at each station on the transect, for each 
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Figure 2.08 Monthly average salinity (PSU) of each area, for 13 months. Symbols indicate statistically 
significant differences (p:S0.05) between areas for each month: • BGB/FS; + BGB/PI; • FS/PI; * all 







" bl) e! 












---- Big Glory Bay 
33.0 
J A s 0 N 
1999 
• 




A M J J 
Figure 2.09 CTD profiles from station 2, June 21st 2000 illustrating salinity and temperature stratification 
due to high rainfall in previous days. 
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Chlorophyll-a 
Chl-a concentrations did not show consistent variation with depth for each profile, area or 
month. Figure 2.10 shows some chl-a profiles from September, in which FS shows little 
stratification, PI has greatest chl-a in surface waters, and BGB has a mid-water maximum. 
The average, maximum and minimum chl-a values overall depths are shown in Figure 2.11 
for each month of the study. The lowest chl-a values of 0.09 µg/1 were measured at station 4 
(BGB) in June and July 2000 . The maximum of 4.04 µg/1 was measured at station 7 in 
January. For the months August, September, October, February and March, there is a 
noticeable increase in the average amount of chl-a from FS into BGB. There was a greater 
range of values (indicating stratification or patchiness) in BGB for eleven of the thirteen 
months. In November, April, May and June, chl-a levels in PI were the greatest of the three 
areas, or concentration decreased with distance into the Bay (Figure 2.11). Figure 2.12 
compares the average chl-a values of each area for each month of the study. Three-way 
ANOVA (2.3) testing for variation in average chl-a for all data, showed that there were 
statistically significant differences between areas (ps0.0001) and months (ps0.0001). The 
interaction between these two variables is also significant (ps0.0001), indicating that the 
difference between areas was not consistent from month to month. LSD post-hoc tests show 
chl-a levels in BGB were significantly different from FS for six months, mainly over the 
spring / summer period. BGB also had significantly greater levels of chl-a than PI for 
October, December, February and March. There is no indication of consistently higher chl-a 
levels at a particular station, or in one of the three areas. 
Figure 2.10 Typical chi-a profiles from FS, PI and BGB recorded by the CTD, September 1999 
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Figure 2.11 A vcrage, maximum and minimum chlorophyll-a concentration (µg/1), at each station on the 
transect, for each month of the study. 
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Figure 2.12 Monthly average chlorophyll-a concentration (µg/1) of each area, for 13 months. Symbols 
indicate statistically significant differences (p:S0.05) between areas for each month: • BGB/FS; + 
BGB/PI; • FS/PI; * all areas significantly different from each other. 
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Dissolved reactive phosphate (DRP) 
Figure 2.13 shows the average DRP concentration of the four discrete water samples(± se), 
along the transect for each month of the study. The maximum DRP concentration was 35.0 
µg/1 at station 4 in May. Values of less than 1 µg/1 were recorded on a number of occasions in 
June and July 2000 at station 0. The greatest variation in DRP between sampling days was in 
May, when levels ranged between 15.1 µg/1 on the first day, and 35.0 µg/1 on the fourth day at 
the same station (4). In March however, DRP concentrations from all stations and days were 
' 
within 3 µg/1. 
Three-way ANOVA (2.4) on all DRP data showed both month (p~0.0001) and area 
(p~0.0001) were significant factors affecting DRP levels. The interaction between these two 
variables was also significant (p~0.0001) suggesting that differences between areas were not 
consistent over the sampling months. Figure 2.14 shows the monthly average DRP 
concentrations of the three areas. Clearly the variation between areas is not consistent from 
month to month. LSD post-hoc tests indicate that BGB had significantly greater DRP levels 
than FS and PI in July and November 1999, April, May, June and July 2000. In February, 
DRP in BGB was greater than PI but not FS, as the symbols on the Figure 2.14 indicate. 
Station was a significant factor effecting DRP levels (p~0.0030), but the interaction between 
station and month was not. Overall, of the BGB stations, DRP at Station 7 was significantly 
higher than stations 4 and 6, showing an increase in DRP levels with distance into the Bay. 
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Figure 2.13 Average DRP concentration (~tg/l), at each station on the transect, for each month of the 
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Figure 2.14 Monthly average DRP concentration (µg/1) of each area, for 13 months. Symbols indicate 
statistically significant differences (p:S0.05) between areas for each month: • BGB/FS; + BGB/PI; • 
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Ammonium 
Ammonium results are presented for each month of the study in Figure 2.15. Levels of 
ammonium were highest in July 2000, with a maximum value of 466.1 µg/1 recorded at 
station 4. The range of concentrations captured in July was also very large. At station 4 for 
example, on day 1 the concentration was 30.7 µg/1, by day 4 it was 15 times greater than this 
at 466.1 µg/1. Ammonium was not detectable in a number of samples during December 1999, 
March, April and May 2000. March had the lowest overall levels with ammonium detected in 
only five of the 35 transect samples. The monthly-average ammonium levels for each area is 
compared in Figure 2.13. BGB averages are higher than FS and PI for most months, but not 
significantly so at the 5% level of confidence until the last three months of the study. 
ANOVA (2.5) testing for variation in ammonium concentrations shows there were statistically 
significant differences between months (p:s;0.0001) and areas (p:s;0.0078), but not stations 
(p:s;0.6872). The interaction between months and area is not significant (p:s;0.7358). Figure 
2.16 shows that BGB has generally (but not significantly) greater concentrations of 
ammonium than FS or PI, which are not significantly different from each other for any month 
of the study. Although ammonium levels in BGB are generally higher, there is no clear 
indication of consistently higher concentrations at a particular station within the bay. 
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Figure 2.15 Average ammonium concentration (µg/1), at each station on the transect, for each month of 
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Figure 2.16 Monthly average ammonium concentration (µg/1) of each area, for 13 months. Symbols 
indicate statistically significant differences (p:s;0.05) between areas for each month: • BGB/FS; + 
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TON concentrations along the transect showed a distinct seasonal pattern. The average, 
maximum and minimum concentrations of TON at a depth of 5 m, for each station on the 
transect during each month of the study are shown in Figure 2.17. From July to November 
1999 (excluding August), and June / July 2000 (the winter / spring months), TON 
concentrations increased with distance along the transect. From December to May (summer/ 
autumn) TON decreases from PI into BGB. The maximum TON concentration(l 02.2 µg/1) 
was determined in a water sample in July 2000, at station 4. Minimum values of less than 1 
µg/1 were recorded on a number of occasions in December and January in BGB. 
The results of three-way ANOV A (2.6) carried out on the TON data indicate that both month 
(p:s;0.0001) and area (p:s;0.0055) were significant factors in TON variation. The interaction 
between area and month was also significantly different (p:s;0.0001), suggesting that the 
variation between areas was not consistent over the sampling period. This fact is clearly seen 
in Figure 2.18 where TON concentrations in FS are significantly greater than in PI and BGB 
in summer, and significantly less than in BGB in the winter. Because of this seasonal reversal 
of trends along the transect, there was no single station with consistently higher TON levels. 
An important feature apparent in Figure 2.18 is the dramatic increase in TON concentrations 
in FS during January and February. TON levels in PI increased markedly, and BGB 
concentrations also increase during January and February. 
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Figure 2.17 Average TON concentration (µg/1), at each station on the transect, for each month of the 
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Figure 2.18 Monthly average TON concentration (µg/1) of each area, for 13 months. Symbols indicate 
statistically significant differences (p::;0.05) between areas for each month: • BGB/FS; + BGB/PI; • 
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Water clarity 
The shallowest Secchi depth was 5 m, recorded at station 7 in February, and the deepest was 
22 m recorded at Station O in July 2000. The average Secchi depth of all sites and months 
was 12.0 ± 3.0 m. Three-way ANOVA(2.7) results indicate that month (p~0.0001) and area 
(p~0.0001) were both significant factors effecting water clarity. The interaction between 
month and area was also significant, indicating that differences were not consistent between 
months. Figure 2.19 illustrates this point, showing the monthly-average visibility of each area 
conforming to no particular pattern. The deepest average Secchi depth was recorded in FS for 
each month except November, January and May. The ANOV A for Secchi depth and station 
returned a non-significant result indicating there was no particular station with consistently 
greater water clarity. 
Figure 2.19 Monthly average Secchi depth (m) of each area, for 13 months. Symbols indicate statistically 
significant differences (p::;0.05) between areas for each month: • BGB/FS; + BGB/PI; • FS/PI; ¢ all 
areas significantly different from each other. 
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Nutrient Ratios 
In open oceanic waters, the ratio of TON to DRP is 16:1, termed the Redfield ratio. This 
relationship is not intended to be applied to coastal systems where input of both elements 
occurs from the land (Redfield, 1958). It is interesting to determine just how different from 
oceanic water the Stewart Island system is. The relationship between concentrations of DRP 
and TON for all samples collected is shown in Figure 2.20. Comparing these results to the 
theoretical Redfield ratio, shows that for all BGB samples, there are lower levels of TON 
relative to DRP than the Redfield ratio predicts. A cluster of results from PI in July 2000 sit 
very close to the theoretical line, while a small number of samples from FS in June and July 
2000 are richer in TON relative to DRP than the ratio predicts. 
Figure 2.20 Relationship of DRP to TON concentration (µg/1) for all samples collected over the period 
July 1999- July 2000. 
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Inter-annual variation for July 
The sampling regime for the present study overlapped in July, and hence it is possible to 
compare water properties for this month in 1999 and 2000. Figure 2.21 shows the average 
data for each measured property, along the transect for July 1999 and 2000. Temperature in 
July 2000 was consistently warmer along the transect than July 1999, and this difference is 
statistically significant (p=0.0001) (2.8). Salinity was consistently and significantly higher at 
all stations in July 2000 (p=0.0011) (2.9), but chl-a was significantly lower in 2000 
(p~0.0001) (2.10). There was no significant difference in DRP concentration (p=0.0802) (2.11) 
between the two years, or in water clarity (p=0.0503) (2.12), although the figure shows water 
clarity is greater in 2000 except at stations 6 and 7. Ammonium (p=0.0003) and TON 
(p~0.0001) concentrations were both significantly greater in July 2000 than in July 1999 (2.13 
and 2.14). 
Figure 2.21 Comparison of average water property measurements from July 1999 and July 2000. 
,..._12 .0 -.--=-,,,...------------, 
u ~ ~11.5 




9.5 ----...--...--...... - ...... -....---











.c g, 0.20 
] 0.15 ,,.ff(,,~ 
0 0.10 ..L...;:::=:::::=:::==:::==::== :==:;...J 
0 N <"I 
Cl) Cl) s:: s:: i:.. i:.. 








,..._ 15 !10 ____ / 
Cl 5 __,,,- J 












0 -~ 16 
u 14 ... 






N <"I ..;- '° r-Cl) s:: s:: '° '° '° i:.. 0 0 0 
'° '° '° 
Chapter 2 - Water Properties -Results 34 
Multivariate analyses 
Pearsons Product-Moment correlation seeks to establish whether a straight line adequately 
describes the relationship between two random variables (Harraway, 1993). Table 2.2 shows 
the conelations between the measured parameters for the 13 months of data collection. 
Table 2.2 Pearsons Product-Moment correlations between water properties for thirteen months of 
sampling from .July 1999-July 2000. 
Temperature Salinity Chlorophyll-a DRP Ammonium TON 
Salinity 0.439 
Chlorophyll-a 0.649 0.280 
DRP -0.187 -0.140 -0.408 
Ammonium -0.312 -0.292 -0.367 0.690 
TON -0.610 -0.458 -0.333 0.432 0.537 
Secchi -0.038 -0.170 0.291 0.163 0.132 0.161 
None of the pairs tested had a strong linear relationship (>0.70), although the relationship 
between ammonium and DRP levels came very close at 0.690. When the correlations are 
calculated for each area independently, the results are markedly different for BGB compared 
to FS and PI. In BGB, the correlation between ammonium and DRP levels is 0.802, a highly 
significant result showing a strong correlation between the presence or absence of these two 
nutrients. For FS, the conelation between ammonium and DRP levels is 0.343 and for PI is 
0.293, both negligible linear correlations. 
A moderate positive correlation exists between temperature and chl-a concentration when all 
areas are combined. When the data is separated into the three areas, the results for BGB is 
strong (0.704), PI is moderate (0.662), and FS is weak (0.487). 
A further interesting relationship is that between the levels of chl-a and TON. When all the 
data is combined, only a weak conelation is observed (-0.333). When separated into area, FS 
shows no correlation between the levels of chl-a and TON (0.064), PI shows a weak negative 
correlation (-0.402) and BGB shows a moderate negative correlation (-0.627). In BGB, as 
chi-a levels increase, TON levels decrease, and the opposite also occurs. This relationship 
was not found to exist for PI and FS. 
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For all areas, the correlation between temperature and the levels of TON is -0.610, a 
moderate negative correlation. When this data is broken down by area, FS has no correlation 
(0.094), PI is moderately negative (-0.615), and BGB is strongly negative (-0.742). Thus, in 
BGB, as temperature rises over spring and summer, nitrate levels fall. As the water 
subsequently cools over the autumn and winter months, nitrate levels rise. This relationship 
does not apply to the waters of PI and FS when they are considered separately. 
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2.4 Discussion 
- Spatial and temporal trends 
One aim of the present water sampling program was to consider the spatial variation of water 
properties along a transect from Foveaux Strait into Big Glory Bay. This was in order to 
investigate the degree to which conditions in Foveaux Strait are similar to BGB, thus testing 
the inter-relatedness or independence of these two water bodies. It is obvious that some 
degree of water exchange occurs between FS, PI and BGB on a tidal cycle. Hydrographic 
parameters relating to currents and tidal flow were not measured as part of this study, 
however this information is available in a number of previous studies (Edwards, 1988; 
Pridmore and Rutherford, 1992; O'Callaghan, 1998). 
Pridmore and Rutherford (1992) estimated hydraulic flushing rates as part of a modeling 
study in BGB. Their study found that the tidal prism of BGB is roughly 10% of the mid-tide 
volume. If this entire prism was renewed on each tide, then the water in the bay would be 
completely replaced after 10 tidal cycles ( about 5 days). However it was discovered that very 
little of the water leaving the Bay on the ebb tide mixed with water from Paterson Inlet, and 
so most returned on the next flood tide. Hence, under light wind conditions, the flushing time 
of the Bay is 10-14 days, but this is reduced to only 5 days during strong westerly winds. In 
his study on nutrient exchange in Big Glory Bay, O'Callaghan (1998) also found that tidal 
movement displaced water backwards and forwards with little dilution, and that wind 
enhanced mixing and water flow to a large degree. 
These studies show that the semi-enclosed Big Glory Bay is largely protected from rapid and 
regular exchange with Foveaux Strait. This is supported by results of the present study, often 
showing large differences between conditions in Foveaux Strait and Big Glory Bay. 
Temperature trends along the transect are dependent on the seasons (Figure 2.03). At all 
stations temperature increased to a maximum in January, and decreased in the winter months, 
influenced by air temperature and the number of sunshine hours. The sheltered environment 
ofBGB allows water to heat up more in the summer, by an average of l.5°C over FS. This is 
due to the shallow nature of the Bay (average depth 20 m), and the low degree of mixing with 
the open ocean as discussed by Pridmore and Rutherford (1992). The relatively shallow depth 
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also allows greater heat loss through the whole water column in the winter months than FS, 
with the greater influence of rain and by cold winds mixing and cooling the water column. 
ANOV A found that statistically significant differences existed between the average 
temperature ofFS and BGB stations for all months except October. This result would suggest 
that over the sampling period, the temperature of BGB was regulated independently of 
temperature in FS. 
Salinity in BGB is statistically lower than FS for all months of the study, with the average 
salinity showing a decrease along the transect. The salinity in PI was also significantly lower 
than FS for all months, reflecting the greater influence of rainfall, runoff and river inputs in 
the nearshore environment. The lowest average salinities recorded in the month of June (see 
Figure 2.06), show that the severe north-westerly storm which hit Stewart Island and 
restricted sampling for that month to two days, created a low salinity surface layer up to -3 
km from the shoreline. Even so, the average salinities of all areas and months are in the 
expected marine range of 33-35 psu. Stratification was a common theme of depth profiles in 
BGB, but the difference in salinity with depth was less than 1 psu for the vast majority of 
profiles. This is consistent with results from Edwards (1988) who reported that salinity 
showed a slight increase with depth, and the reports of O'Callaghan (1998) and Pridmore and 
Rutherford (1992) that salinity was generally high and uniform throughout BGB. 
Although there are no large streams or rivers emptying into BGB, the catchment is large and 
rainfall in the region is high (1500 mm/yr, Pridmore, 1992). The weather station recorded 
184 days of rain from the 261 days of recording, and for 28 of these days, the recorded 
rainfall was greater than 20 mm. Such high rainfall, combined with the low degree of water 
exchange found by Pridmore and Rutherford (1992) suggest that salinity within the bay would 
be low. However the circulation pattern of the bay results in surface water flowing out along 
the sides of the bay on the ebb tide (Morrisey et al., 1998), and hence freshwater is not mixed 
through the entire water column, but flows out at the surface. CTD salinity profiles often 
showed reduced salinity in the upper water column of BGB (Figure 2.06), especially after 
periods of heavy rain (Figure 2.09), when the upper waters were stained brown with natural 
humic material. 
The concentration of chi-a is uniformly low along the transect in the winter months (Figure 
2.11 ). A doubling of the chi-a concentration occurred during the spring time from September 
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to October, for all three areas. Chi-a concentrations were significantly higher in BGB than FS 
during this time due possibly to the nature of BGB containing and sheltering phytoplankton 
blooms for a longer period. This fact has proved detrimental to salmon farmers on a number 
of occasions when fish kills have resulted from undesirable blooms contained by BGB 
(Chang et al., 1990; MacKenzie, 1991; Pearce and Peake, 1993; Rhodes et al., 1995). During 
the October sampling period, chi-a concentrations increased on each consecutive sampling 
day (26-29), as did water temperature. Moderate north-westerly winds on the sampling days 
resulted in BGB being sheltered and calm - ideal conditions for a phytoplankton bloom: 
Ammonium and TON were significantly higher in BGB than FS over this period, and this 
combined with longer residence times encourages greater phytoplankton growth. 
At the peak of chi-a levels in January, FS had significantly greater chi-a concentrations than 
both PI and BGB. January is the only month where a significantly greater amount of chi-a 
was found in FS than BGB. At this time, TON concentrations in FS were also significantly 
higher than BGB, where TON concentration of approximately 5 µg/1 would have almost 
certainly limited photosynthetic activity. The moderate negative correlation between chi-a 
and TON (-0.627) in BGB adds to the large number of studies that find nitrogen to be the 
factor most likely to limit phytoplankton growth in coastal areas in the summer months 
(Kaspar et al., 1985; Bradford et al., 1987; Butler et al., 1992; Pridmore and Rutherford, 
1992; Prins et al., 1995; MacKenzie, 1998; Ross et al., 1998; Ross et al., 1998b). BGB had 
significantly greater levels of chi-a than PI for October, December, February and March, 
although it was not significantly different in temperature, salinity, ammonium or DRP levels 
over all of this period. This higher concentration of chi-a may therefore be related to the 
longer residence time of water in BGB. Phytoplankton growth in BGB is retained for a 
sufficient period to be able to detect increases in chi-a abundance (Pridmore, 1995). As 
previously discussed, this fact can be detrimental to marine farming if the species are harmful 
to salmon, but it does provide greater opportunity for mussel grazing and growth. 
With regards to temperature, salinity levels and chl-a concentration, BGB can be seen as a 
"self-contained" system, although obviously not independent of FS waters. In one instance 
however, there appears to be a clear indication that conditions in FS can directly effect BGB. 
During the summer months, a significant increase in the concentration of TON in FS was 
recorded (Figure 2.15) increasing by 9 times from December to February. In PI over the same 
period the relative increase was more dramatic (22 times greater) given how low the 
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concentration was in December. In BGB TON concentrations increased from 0.5 µg/1 in 
December to 19.4 µg/1 in February (37 times greater). This result provides strong support for 
the conclusions of Pridmore and Rutherford (1992), that "nitrogen concentrations in the bay 
were most effected by the nitrogen concentration in Paterson Inlet, which appeared to vary 
year to year as a result of the incursion into Foveaux Strait of highly fertile oceanic water." 
Ideas as to the source of these nutrient rich incursions to FS vary between studies. "Although 
it seems likely that the source of this high-nutrient, high-salinity water is vertical, a horizontal 
advection source cannot be ruled out" (Bradford et al., 1991). "From the south" (Pridmore 
and Rutherford, 1992) and "horizontal advection, and uplifting of subsurface waters" (Butler 
et al., 1992). Although the sampling in the present study could not detect incursions of water 
from FS through temperature, salinity or chi-a, it appears to have captured a TON rich event. 
Ammonium and DRP concentrations do not show any significant differences between FS and 
PI waters for any month of the study. BGB waters show higher concentrations of DRP than 
PI and FS for six months (June and November 1999, April-July 2000, Figure 2.11), and 
higher ammonium for only two months (May and June 2000, Figure 2.13). This is surprising 
given the high inputs of both nutrients from salmon farms within the Bay (Edwards, 1988; 
Pridmore and Rutherford, 1992; Pridmore, 1995). In the months prior to May 2000, it 
appears that phytoplankton within BGB quickly utilize ammonium produced by the salmon 
farms. DRP concentration follows the same pattern as ammonium throughout the study, as is 
reflected by the highest correlation of the study being found between these two nutrients 
(0.69, Table 2.3). DRP would also be taken up by phytoplankton in the Bay, and thus largely 
disappear before elevated levels of this nutrient might be detected in PI (Pridmore, 1995). 
Concentrations of both DRP and ammonium showed dramatic increases in April and May in 
the present study. Pridmore (1995) recorded a similar increase in the levels of these two 
nutrients during March 1994, and suggested that this may have been the result of a large 
nutrient input from sediment remineralisation in the bay. Bull and Cole (2000) recorded an 
ammonium peak in BGB during late spring 1999, but not in conjunction with a DRP increase. 
Accordingly the authors dismiss the possibility this event indicated anoxia of the seabed. 
Given this information, it is unfortunate that oxygen data is not available in the present study 
to support or reject the possibility of oxygen depletion in the Bay. 
Pollution events from salmon farms can be harmful not only to the ecosystem of the bay, but 
to marine farming itself. Anoxia in the Bay would be harmful to mussels and salmon alike, 
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but despite the long residence time of water in BGB oxygen depletion has not been identified 
as an issue in previous studies (Morrisey et al., 1998; Morrisey and Cole, 1999; Bull and 
Cole, 2000). The salmon farms appear to have a positive influence on the whole system, by 
increasing inputs of DRP and TON species from food waste, excretion and sediment fluxes. 
Productivity is thereby elevated, providing more phytoplankton as food for farmed mussels. 
Phytoplankton in BGB are limited by nutrient supply in the summer months at present 
(Pridmore and Rutherford, 1992), and so nutrients supplied by the salmon farms would be 
sorely missed by mussel farmers were they to decrease or be halted. The benefits of increased 
productivity are offset by the risk of phytoplankton blooms in the bay of species harmful to 
salmon, or toxic to humans via mussel. consumption. 
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-Historical studies 
Previous studies in the Stewart Island area have discussed the source of nutrient rich 
incursions to Foveaux Strait, which have been credited with driving productivity in the Strait 
(Bradford et al., 1991), and also in Big Glory Bay (Pridmore and Rutherford, 1992). A strong 
inverse relationship was observed by Butler et al. (1992), between nutrients levels (TON in 
particular) and salinity in FS. However, Bradford et al. (1992) record instances of highly 
saline, nutrient-rich water extending into Foveaux Strait from the south. The present study 
found negligible correlation between salinity and TON (-0.333 for all samples, Table 2.3). At 
the time of the TON influx into Foveaux Strait in January and February during the present 
study, salinity did not show a notable increase or decrease. Samples in the earlier studies 
were taken at sites some distance from those in the present study, which have been shown to 
be influenced by rainfall and runoff from Stewart Island (Figure 2.08). This proximity to land 
could explain why salinity did not rise with nutrient levels, or the increase in TON levels 
might have been a different kind of event than recorded in previous years. Butler et al. (1992) 
also found a tight relationship between TON and DRP at all depths in FS during May 1989, 
which was consistent with the Redfield ratio. Such a relationship was not seen in the present 
study for any samples collected in BGB, but as Figure 2.20 indicates is accurate for samples 
from July 2000 in PL 
Bradford et al. (1992) found the chl-a content of surface waters in FS was not directly related 
to the TON concentration. This is consistent with results from the present study, where the 
correlation for chl-a and TON in FS was 0.064. However, it is generally agreed that nitrogen 
is the nutrient most likely to limit phytoplankton growth in coastal waters and embayments 
(Bradford et al., 1991; Butler et al., 1992; Gibbs et al., 1992; Gibbs and Vant, 1997; Ross et 
al., 1998; Ogilvie et al., 2000). The moderate negative correlation observed in the present 
study between TON and chl-a at the BGB stations (-0.627), support the findings of Pridmore 
and Rutherford (1992), that phytoplankton in BGB are TON-limited in the summer. There is 
also some evidence that phytoplankton are light-limited during the winter months. The 
correlation between temperature and chi-a for BGB samples is strong (0.704), despite the fact 
that temperature in the range of the present study has no direct effect on phytoplankton. The 
likely link between temperature and chl-a is sunshine hours (A. Ross, pers comm.). Over the 
spring and summer months, the number of sunshine hours increases (and drives increasing 
water temperature), allowing more photosynthetic activity by phytoplankton, and this is 
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reflected by higher levels of the photosynthetic pigment chl-a. It is obvious that BGB does 
not get more sunshine that PI and FS, so sunshine hours cannot explain the stronger 
correlation between temperature and chl-a in BGB than FS (0.487) and PI (0.662). The 
enclosed nature of BGB, with low rates of water exchange with PI and FS, allows 
phytoplankton blooms to be contained and concentrated for longer periods of time, leading to 
the observation of higher chl-a levels. 
Having investigated several properties along the transect, it is relevant to question whether 
certain water properties in the area have changed since previous studies. 
Chlorophyll-a 
Stations within BGB in the present study are in the same location as stations used for the 
annual coastal permit monitoring program conducted by the National Institute of Water and 
Atmospheric Research (NIWA). This allows for a direct comparison to be made between the 
present results for the 1999/00 period, and those of previous years. A trial of the chl-a 
extraction technique used by NIWA staff (Pridmore, 1983), did not return significantly 
different results from the method used to calibrate the CTD in this study. Results from the 
NIWA monitoring program and the present study are illustrated in Figure 2.22. 
In considering the three sets of NIWA data, Bull and Cole (2000) noted that chl-a results from 
1999/00 were generally similar to those reported in 1997/98 and 1998/99. Chl-a 
concentrations estimated by the present study show minor discrepancies with the results from 
Bull and Cole (2000), but not outside the range of natural variation. Such differences may be 
the result of sampling on different days, at different tide-times, or processing technique 
(although the processing of samples used similar techniques). ANOVA (2.15) of chl-a data 
from the four studies found there is no statistically significant difference between site 
(p=0.8365), study (p=0.1676), or a significant interaction between them (p=0.9954). Thus, it 
can be concluded that there has not been a significant change in chl-a concentration over the 
summer months in BGB since routine monitoring began in 1997. 
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Figure 2.22 Chlorophyll-a concentrations (µg/1) at three stations in Big Glory Bay from November to 
February from four separate studies: Morrisey et al. (1998); Morrisey and Cole (1999); Bull and Cole 
(2000); present study . See figure 2.01 for location of sampling stations. 
3.5 





' 2.0 >, 
..c 















C. 1.5 e 
0 


















0.0 ........ ------~~--~---------' 
Nov 
Ill 
Dec Jan Feb 
1997 /98 (Morrisey et al., 1998) 
1998/99 (Morrisey and Cole, 1999) 
-o-- 1999/00 (Bull and Cole, 2000) 
1999/00 (this study) 
Chl-a levels were also monitored by Pridmore (1994) in BGB and PI from August 1993 to 
July 1994. The 1993/94 data is compared with the average BGB and average PI chl-a data 
from the present study in Figure 2.23. During both studies, chl-a levels in BGB were greater 
than PI. Far higher concentrations of chl-a were found in both BGB and PI inl 993/94, than 
the present study, and for a much longer period. However, it is not possible to conclude that 
there has been a progressive decline in chl-a in the area since the 1993/94 study for a number 
of reasons. Firstly, the number, location and depth of samples in the 1993/94 study are not 
described in the information available, although it is stated that the sampling sites were 
chosen because they reflected average conditions on previous occasions (Pridmore, 1995). 
Secondly, discrete water samples taken on a monthly basis are only 'snap-shot' pictures at any 
given minute, and may not be good indicators of conditions on a tidal, daily or monthly cycle. 
Finally, inter-annual variability in the Foveaux Strait region is known to be considerable for a 
range of biological indicators from nutrient concentrations to fishery landings (Bradford et al., 
1991). Hence, the differences in chl-a concentration between 1993/94 (Pridmore, 1995) and 
1999/00 (this study) may be the result of annual climatic oscillations such as El nino. 
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Figure 2.23 Comparison of chlorophyll-a concentrations measured in Paterson Inlet and Big Glory Bay 
by Pridmore (1995) and this study. 
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Ross et al. (1998) recorded chl-a concentrations in Paterson Inlet of 1 µg/1 in January and 
February 1994, which is the same level found in the present investigation. The Pridmore and 
Rutherford (1991) modeling study collected data in February 1988 and January 1999. The 
chl-a concentrations for February 1988 were 0.9 µg/1 in PI and 1.1 µg/1 in BGB, showing no 
difference from the present findings of 0.9 and 1.1 µg/1. In January 1989 a bloom of 
Heterosigma akashiwo (giving rise to an elevated chl-a level of 9.0 µg/1) occurred in BGB, 
but the results for PI in January 1989 and January 2000 are the same (both 2.1 µg/1). 
It appears that chl-a concentrations in BGB and PI, although subject to inter-annual 
variability, have remained steady over the past decade. 
Total oxidised nitrogen (TON) 
The other water characteristic of particular interest in this study is TON concentration. TON 
concentrations in the present study ranged from 0.5 µg/1 to 100 µg/1, being lower over the 
summer months and highest in the winter. This trend is similar to that noted in the only other 
study that collected TON data over an annual cycle in BGB and Pl. Pridmore (1995) 
presented a minimum TON concentration of 3 µg/1, during January 1994, and a maximum of 
100 µg/1 in August 1993 and July 1994 in BGB. The major difference between the present 
study and the 1993/94 results is the extent and duration of TON depletion in the summer 
months. Figure 2.24 compares the two studies, and shows that TON levels in BGB were not 
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as low during summer in 1993/94, as during 1999/00, however they were less than 10 µg/1 for 
a greater part of the year. The present study has found that phytoplankton abundance severely 
limits TON concentration during the summer, and the 1993/94 results also illustrate this point. 
TON appeared to be depleted for a longer period in the 1993/94 study due to phytoplankton 
being more abundant over this same period (cf. chl-a concentration in Figure 2.23). Apart 
from the nitrate depletion over summer, the concentrations of TON in PI and BGB in the two 
studies are not significantly different from each other (ANOVA (2.16), not significant for year 
(p=0.4710) or area (p=0.7669)). Bull and Cole (2000) found there was no difference in TON 
concentration in BGB between the summer of 1999/00 and the previous two summers. 
ANOVA (2.17) on the TON data from Bull and Cole (2000) and the present study, indicates 
no significant difference between the two data sets (p=0.2307). It therefore appears that TON 
concentrations in PI and BGB, although subject to annual and inter-annual variability, have 
not changed significantly over the past decade. 
Figure 2.24 Comparison of TON concentrations measured in Paterson Inlet and Big Glory Bay by 
Pridmore (1994) and the present study. 
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Chapter 3. Mussel Growth and Condition in Big Glory Bay 
3.1 Introduction 
There are few aspects of molluscan biology that have received more attention than the growth 
rate and condition cycles of marine mussels (Van Erkom Schurink and Griffiths, 1993). This 
attention reflects the widespread distribution of mussels, especially Mytilus species, 
throughout each hemisphere (Hawkins and Bayne, 1992). Mussels have also received a large 
amount of attention and have been subjected to a plethora of studies due to their importance in 
coastal ecosystems (Gosling, 1992), and more recently for the burgeoning cultivation industry 
worldwide (Hickman, 1992). 
Growth rates are important, especially in the aquaculture industry, as the length of time it 
takes a mussel crop to reach market size determines the profitability for farmers. The goal of 
mussel farming is to achieve maximum yield without adversely affecting growth rates (James 
and Ross, 1996). Knowledge of the condition cycle of mussels is equally important to the 
mussel farmer, as economic returns are based on meat yield (Hickman et al., 1991; Seed and 
Suchanek, 1992; Okumus and Stirling, 1998). Most populations of mussels exhibit seasonal 
peaks in condition linked to both intrinsic and extrinsic factors (Van Erkom Schurink and 
Griffiths, 1993), so understanding condition cycles, and causes of variation in condition, can 
gain greater profit for farmers by harvesting during periods of peak condition. 
Many studies have attempted to investigate the environmental factors that effect growth and 
condition of mussels, both in the laboratory and in the field. The vast majority of growth 
studies on bivalve species show growth rates to be highly variable (Flaws, 1975), with 
different growth rates occurring in mussels of similar size and age in apparently identical 
environmental conditions (Seed and Suchanek, 1992). Studies have linked growth and 
condition with a number of environmental factors including temperature, salinity, tidal 
exposure, current regime, light levels and population density (Seed, 1976; Van Erkom 
Schurink and Griffiths, 1993). Most authors agree however that food availability is the most 
important factor affecting growth and condition, since without adequate food, sustained 
growth and fattening cannot occur (Seed and Suchanek, 1992). The overwhelming majority 
of studies emphasise the inter-relatedness of all aspects of the aquatic ecosystem, and the 
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difficulty in relating single environmental parameters to growth and condition (Hawkins and 
Bayne, 1992; Seed and Suchanek, 1992; Karayucel and Karayucel, 2000). 
"Mussels respond to the total environmental stimulus and, in consequence, it is difficult 
to define the effect of single parameters on the growth rate. Attempts to correlate 
growth with depth or season are complicated by the interaction of light, salinity, 
temperature, currents and available food." (Hickman, 1979, pg. 322b) 
In New Zealand, growth and condition of the endemic Greenshell™ mussel Perna 
canaliculus, has been the focus of many studies due to the proliferation of farming in a 
number of coastal areas since the 1970's. Although a great deal of research has been 
conducted on Perna canaliculus, much of it is in the form of unpublished reports, theses and 
local publications (Jeffs et al., 1999). A number of studies are referred to extensively in the 
course of this chapter, so the major findings of the studies relating to the present investigation 
are described below. 
One of the earliest comprehensive studies of Perna canaliculus was undertaken by Flaws 
(1975) in the Marlborough Sounds from 1968-1974. The physiology and hydrography of the 
Pelorus and Keneperu Sounds are described and discussed in relation to the distribution of 
Perna canaliculus and Mytilus edulis aoteanus. Condition of P. canaliculus was found to be 
lowest during the summer months, related to high temperatures and low salinities, but also 
related to the reproductive cycle. Growth was studied by serial measurement of marked 
individuals, and considered in relation to depth, light, salinity, temperature and mussel size. 
Growth was found to be exceptionally rapid in the Marlborough Sounds, but severely affected 
by reduced salinities and high temperatures. 
Growth of P. canaliculus in suspended cultivation was recorded at eight experimental sites 
around New Zealand during 1973-1975 by Hickman (1980). Growth was found to be 
continuous throughout the year, with the highest growth rates corresponding to the highest 
water temperatures. A direct correlation was found between water temperature and length 
increment. Variations in growth due to depth were not found to be significant, and larger 
mussels grew more slowly. Experimental mussels located in Bluff Harbour, at the southern 
tip of the South Island, showed particularly low growth rates, deemed to be the consequence 
of lower water temperatures and poor growing conditions. 
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Hickman and Illingworth (1980) reported the condition cycle of Greenshell™ mussels at the 
same eight sites as the above investigation, from December 1973-1975. Seven condition 
estimates were compared, and a precise index was recommended for use in biological studies: 
Clweight = 100 x dry meat weight / (whole weight - shell weight). This index is used in the 
present study to allow comparison with Hickman and Illingworth's results. The annual 
condition cycle was described as being lowest in the winter months (June/August) rising to 
peak levels in spring (October/December). Central New Zealand sites were characterised by 
high levels of condition throughout most of the year, and northern sites showed lower levels. 
An inverse relationship is suggested between mussel condition and water temperature, also 
between condition and size of the mussel. The difficulties in identifying the causes of 
changes in the condition cycle were discussed. 
Condition of mussels in the Keneperu and Pelorus Sounds were monitored in conjunction 
with water temperature, salinity, total particulate matter, chlorophyll-a, and particulate carbon 
between May 1983 and April 1985 by Hickman et al. (1991). The study aimed to quantify 
regional, seasonal and annual variation in mussel condition and to identify the factors causing 
changes in condition. Condition was high in autumn/winter/spring, and low in summer, with 
year to year differences in amplitude and differences between embayments. At high ambient 
food levels, temperature and salinity were more highly correlated with mussel condition than 
factors measuring available food. At low food levels, changes in food concentration were 
strongly associated with changes in condition. 
Poor growth and fattening of stocks in the main production area of the Marlborough Sounds 
from 1996 to 1998, has been attributed to reduced food supply (Hayden et al., 2000). Such 
reductions in production, and applications for extensive mussel farming blocks in coastal 
waters have stimulated widespread concern and investigation into whether the carrying 
capacity of certain farming areas has been reached or even exceeded (Hawkins et al., 1999). 
Slow growth of cultured stocks in Big Glory Bay, Stewart Island, has also been apparent 
during the late 1990's, and the present study was commissioned to investigate possible 
reasons for this apparent reduction in growth. 
• This chapter investigates growth and condition of mussels at three farm sites and two 
depths in Big Glory Bay, and attempts are made to correlate these measurements with 
temperature, salinity, chlorophyll-a and nutrient levels at the same sites. 
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3.2 Experimental set-up and methods 
In June 1999, 2 m sections of seeded mussel rope were cut from an existing farm line in BGB. 
The mussels were 3 years old, approximately 80 mm in length, and seeded at -400 mussels 
per meter. These 2 m sections, to be referred to as experimental droppers, were secured to 
three fam1s in different areas of BGB. Three experimental droppers were hung at each of 5 
and 15 m depth, in approximately 25 m of water. The fam1s that were selected for this study 
are distant from each other, in areas known to have had different growing conditions in 
previous years (see Figure 2.01 for approximate farm positions). 
Fann 1 - MFL244: head ofBGB, right hand side of channel 
Fann 2 - MFL315: middle of BGB, left hand side of channel 
Fam1 3 - MFL246, mouth of BGB, left hand side of channel 
The experimental droppers were secured to the most north-westerly line of the chosen farms, 
past the last buoy on the anchor line (Figure 3.01). 
Figure 3.01 Position of experimental droppers on the three farms in Big Glory Bay. 
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Mussels were sampled at all three fanns during each monthly trip. Sampling dates are 
presented in Table 3.1. 
Table 3.1 Mussel sampling dates for this study, from August 1999 to July 2000. 
Year Sampling dates 
1999 August 17; September 21; October 26; November 15; December 20 
2000 January 26; February 23; March 28; April 25; May 16; June 21; July 10 
On each sampling occasion, two randomly chosen droppers from each depth were pulled to 
the surface, and 20 mussels were picked from the top of each dropper. Two replicates of 20 
mussels from each of two depths, at three fann sites gave a total of 240 mussels to be sampled 
each month. The mussels were put into labeled bags to identify the fa1m and depth at which 
they had been growing. Within twelve hours, each mussel was scraped clean of encrusting 
material and the byssus thread cut flush to the shell. Every mussel was sealed in an individual 
plastic bag, and frozen in a domestic chest freezer. This was an effective method to ensure 
that shell cavity water was retained with each mussel during freezing and transportation. 
Thus, the "live weight" is the weight of the frozen mussel in the plastic bag, minus the 
standard bag weight. 
Weight measurements of mussel body components were made on an electronic balance 
(precision: 0.001 g) and shell lengths were measured using electronic calipers (precision: 0.01 
mm). Live weight was recorded before the mussels were thawed in a warm water bath. 
Individual mussels were then opened and the tissue was removed from the shell, and then 
both shell and tissue were drained on three paper towels for 20 minutes. The shells were 
measured, weighed, and then discarded. The tissue was observed for colouration indicative of 
reproductive stage and weighed. The tissue from each mussel was placed on an individual 
500 111111 diameter aluminum foil circle to prevent sticking during the drying process. The 
drying process began with 24 hours in a domestic food dehydrator at 55 °C to remove most of 
the moisture, followed by at least 48 hours in a drying oven at 60 °C. The dry tissue weight 
was measured to 0.001 g, and the average foil weight was 0.059 g ± 0.00029. 
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Condition indices were calculated for each replicate of 20 mussels each month. 
Biological condition (BC) 
BC= 100 x dry tissue weight/ (Live weight- shell weight) 
51 
The index is recommended by Hickman and Illingworth (1980) for use in biological studies 
due to its precision (referred to as Clweight in the original study). 
Factory condition (FC) 
FC = 100 x (wet tissue weight/ shell weight) 
Factory condition is a measure of meat yield, and is a fundamental measure of marketability 
(Okumus and Stirling, 1998). Slight differences in draining time and method however do not 
allow direct comparison to yield measurements made at the Sanford Factory in Bluff where 
BGB crops are processed. 
Statistical methods 
Measurements of individual mussels are not considered in any analysis, rather the average 
(n=20) of each group of mussels (2 replicates from 2 depths at each of3 sites: n=12) for each 
month (n=l2) is used in all calculations and figures. All data was checked for homogeneity 
by assessing probability plots of residuals, and from patterns of residuals versus predicted 
values from ANOV A. All measurements showed homogeneous distribution, and it was not 
necessary to transform any of the data. 
Measurements of live weight, shell weight, drained tissue weight, dry tissue weight and FC 
are not presented in the results in relation to site or depth over the course of the study. Rather, 
it is the variations in shell length (growth) and BC that are considered fully at all sites and 
depths, as these parameters are the focus of this study. 
The replicate means were used to perform three-way ANOV A on growth and biological 
condition, testing for variation between months, farms and depths. Outliers were identified 
and removed if they significantly altered ANOV A results, and the analysis was repeated. 
Two-way ANOV A was performed on each monthly set of data for shell length and BC, 
testing for variation between farms and depths for each sampling occasion. LSD post-hoc 
tests from ANOV A were used to test for differences between pairs of data. All statistical 
analysis was conducted using the software package Datadesk® (Version 4.1 ). 
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ANOV A tables not included in the results section are presented in Appendix D. Italicised 
numbers in brackets in the text indicate the appropriate ANOV A table to which to refer in the 
appendix, for example (3.4). 
Water Properties 
A CTD cast was made, Secchi depth was determined and water samples were taken close to 
the experimental droppers on each mussel sampling occasion and surrounding days (see Table 
2.1). Specifications, deployment and processing of the CTD is described in the methods 
section of Chapter 2. Temperature, salinity and chlorophyll-a (chl-a) profiles were 
determined directly using the CTD, and chl-a levels were calibrated from discrete water 
samples collected at 5 m. From the CTD profiles, the values of temperature, salinity and chl-
a at 5 m and 15 m were determined. Dissolved reactive phosphate(DRP), total oxidised 
nitrogen (TON) and ammonium were measured in water samples taken at 5 m (see Chapter 
2.2 - Nutrient analysis for methodology). Three way ANOV A was performed on the nutrient 
and CTD data, testing for variation between months, farm sites and depths. Each monthly 
data set was tested for variation between depths and sites using two-way ANOV A. 
In addition to temperature measurements derived from the CTD profiles on sampling trips, 
temperature was monitored continuously by five Onset Stowaway tidbit data loggers over the 
study period. Loggers were attached to a weighted line at farm 1 (5, 10 and 15 m depths), and 
also at farm 3 (5 and 10 m depths). A further logger was deployed at farm 3, 10 m when it 
became available in April 2000. The large data set arising from the use of these loggers 
allowed the calculation of daily and monthly average water temperatures at these sites and 
depths. Boxcar® Pro 3.5d2 software was used to download the loggers to a laptop in the field 
and process the data. 
Chapter 3 - AJussef grm\'llz and condition - Results 53 
3.3 Results 
Mussel measurements 
The mean live weight, shell weight, drained tissue and dry tissue weights from all farms and 
depths are shown in Figure 3.02 for the twelve months of the study from August 1999 to July 
2000. 
Figure 3.02 Variation in Pema canaliculus (A) live weight, (B) shell weight, (C) drained tissue weight and 
(D) dry tissue weight from August 1999 to July 2000 in Big Glory Bay, with data averaged over all farm 
sites and depths. 95% confidence intervals are shown, and asterisks indicate a statistically significant 
increase or decrease in the measured factor between consecutive sampling occasions: * = 0.05; ** = 0.01; 
*** = 0.001 























C Drained tissue weight 
.c 18.0 on 
0 
" " 16.0 .§ 
"O 
1) 
















A s 0 N D J F M A M J J 
Chapter 3 - ivfusse/ gro1vth and condition - Results 54 
Live weight 
The mean live weight of mussels (from all fam1s and depths) increased from 43.6 g (±SD 2.6) 
in August 1999 to a high of 60.0 g (±SD 6.2) in June 2000 (Figure 3.02A). The increase in 
live weight was not constant over the sampling period, in fact slight drops were recorded 
between some months. However, the overall trend was increasing live weight from August 
1999 to July 2000. The largest increase in average live weight between consecutive months 
was 4.7 g between January and February 2000, which accounts for 28% of the total live 
weight increase in the intervening four weeks. Two-way ANOVA (3.1) performed on mussel 
live weight from all months (p:S::0.0001), fann sites (p:S::0.0001) and depths (p=0.0025), showed 
these factors to all be significant in the variation of live weight. However, interactions 
between these variables were not significant at the 5 % level of confidence. LSD post-hoc 
tests showed that mussels collected from 15 m depth had statistically significantly greater live 
weight than mussels from 5 m. Also, that mussels collected from farms 2 and 3 were 
statistically significantly heavier than mussels from farm 1, but not different from each other 
at the 5% level of confidence. 
Shell weight 
Mean shell weight increased over the sampling period, from 18.2 g (±SD 1.3) in August 1999 
to a high of 23.5 g (±SD 2.2) in June 2000 (Figure 3.02B). The greatest increase in shell 
weight between consecutive months was 1.4 g from January to February 2000, accounting for 
27% of the total increase in shell weight. There was a slight decrease of 0.43 g from June to 
July 2000, indicating negligible growth over this period. Two-way ANOV A (3.2) performed 
on shell weight showed that month (p:S::0.0001) and farm site (p:S::0.0001) were significant 
factors in the variation of shell weight, but depth, and all interactions were not significant at 
the 5% level. LSD post-hoc tests found that mussels collected from farm site 1 had 
significantly lighter shells than fanns 2 and 3. 
Drained tissue weight 
Aside from a slight decrease from September to October 2000 seen in Figure 3.02C, mean 
drained tissue weight generally increased from August 1999 (12.5 g ±SD 0.8) to a peak of 
18.7 g (±SD 2.0) in April 2000. Statistically significant increases in drained tissue weight 
occurred between August-September, October-November, and January-February. There 
followed a decrease in weight from April to June, with a highly significant (p~0.001) drop 
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from May to June as the asterisks on Figure 3.02C indicate. Depth (p =0.0005), farm site 
(p=0.0194) and month (p:s;;0.0001) were all found to be significant factors in drained tissue 
weight variation by two-way ANOV A (3.3). However, no interactions between these factors 
were significant. LSD post-hoc tests showed drained tissue weights in mussels collected from 
15 m was greater than those from 5 m, and that mussels from farm site 2 were heavier than 
those at farm 1. 
Dry tissue weight 
Mean dry tissue weight of mussels in this study increased from 1.8 g (±SD 0.2) in August 
1999, to the highest level in March 2000 (4.4 g ±SD 0.6). The greatest weight increase 
between consecutive sampling occasions over this period was between October and 
November (0.67 g). There were also statistically significant (p:'.S0.05) increases in dry tissue 
weight between August-September, December-January and January-February (Figure 3.02D). 
From March to July 2000, dry tissue weight declined, with highly significant (:s;;0.001) drops 
from March-April and May-June as indicated by the asterisks on Figure 3.02D. Two-way 
ANOV A (3.4) showed that month (p:s;;0.0001) and farm site (p=0.0364) were significant 
factors in the variation of dry tissue weight, but neither depth nor any interactions were 
significant at the 5% level of confidence. LSD post-hoc tests indicated that dry tissue weights 
of mussels at farm site 1 were significantly less than at the other two farms. 
Mantle colouration 
During dissection, the number of mussels displaying a pinkish-orange mantle indicative of 
female reproductive development was recorded. All mussels were uniformly greyish-cream 
and flaccid from August to November at which time coloured females were present in some 
replicates. The average number of coloured females increased from 2.0 (±SD 2.0) in 
November, to a maximum of 10.7 (±SD 1.9) in May. Replicates in June and July 2000 had 
fewer highly coloured females, and those present were not as brightly coloured as in 
proceeding months, or the colour was less uniform throughout the mantle. Two-way ANOV A 
(3.5) on the number of coloured females recorded showed that month (p:s;;0.0001) and depth 
(p=0.0096) were significant factors in variation, but farm site and none of the interactions 
were significant at the 5% level. LSD post-hoc tests showed that more pink females were 
recorded from droppers at 15 m than at 5 m. 
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Shell length (Growth) 
Mean shell length (from all farm sites and depths combined) increased from 85.9 mm (±SD 
2.3) in August 1999 to 94.9 mm (±SD 3.1) in July 2000, representing a real increase in shell 
length of approximately 10 mm in 12 months (Figure 3.03). One outlier was removed from 
all analysis and figures (November fann 1, 5 m, replicate 1, 68.4 mm), as it significantly 
influenced the results of ANOV A. The greatest increase in shell length between sampling 
occasions (3.4 mm) occuned during the four weeks between sampling in January and 
Febrnary 2000, accounting for almost 35% of total shell growth over the study period. The 
asterisks on Figure 3.03A indicate that this was the only significant increase in shell length 
between consecutive months. Three-way ANOV A shows that depth, farm site and month 
were all significant factors affecting shell length (Table 3.2). No interactions were 
significant, therefore indicating that significant differences over time and at the two depths 
were consistent at the three fa1111 sites. 
Table 3.2 Three-way ANOV A on mean shell length, testing for variation between sample depths, farm 
sites and months. 
Treatments 
Month: August 1999- July 2000 (n=12) 
Farm site: 1, 2, 3 
Depth: 5m, 15 m 
Analysis of Variance 
Source df Sum of squares Mean square F-ratio P-value 
Constant 1 1213730 121.37 119943 :::; 0.0001 
Depth 1 118.54 118.54 11.71 0.0010 
Farm site 2 127.90 63.95 6.32 0.0030 
Depth x farm site 2 25.680 12.84 1.27 0.2874 
Month 11 1284.67 116.78 11.54 :::; 0.0001 
Depth x month 11 170.46 15.49 1.53 0.1395 
Fann site x month 22 124.98 5.68 0.56 0.9351 
Depth x farm x month 22 134.28 6.10 0.61 0.9080 
Error 71 718.44 10.11 
Total 142 2712.24 
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Figure 3.03 Shell length (mm) of Perna canaliculus in Big Glory Bay, from August 1999 to July 2000. (A) 
all data combined; (B) at 5 m and 15 m; (C) at 3 farm sites; (D) at farm 1; (E) at farm 2; (F) at farm 3. 
Asterisks on figure A indicate a significant change in mean shell length between sampling occasions. * = 
0.05; ** = 0.01; *** = 0.001 
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When the results from all farm sites and months are combined, depth was a significant factor 
affecting mussel shell length in BGB. Figure 3.03B illustrates that shell length in mussels 
collected from 15 m was greater than at 5 m for all months except September and November, 
and ANOVA confirms that this difference is significant (p=0.0010). 
The effect of farm site was also statistically significant (p=0.0030), with LSD post-hoc tests 
(and Figure 3.03C), indicating that growth of mussels at farm site 1 was significantly lower 
than those from farm site 2 (p=0.0009), and farm site 3 (p=0.016). There was no statistical 
difference between shell lengths in mussels from sites 2 and 3 (p=0.3175). Figures 3.03D-F 
show how shell length varied with depth at each farm site over the twelve months. Two-way 
ANOVA (3.6) for shell length data for each month of the study showed non-significant 
differences for farm site, depth, and site x depth for all months. Only when all growth data 
from the entire study was pooled, did site and depth show statistical differences in growth. 
Factory Condition (FC) 
Mean FC generally increased from August 1999 to the peak in March 2000 of 33.2 (±SD 1.3), 
with the lowest measured FC of26.0 (±SD 1.1) recorded in June 2000. Figure 3.04 shows the 
FC cycle of mussels in BGB, with asterisks indicating significant declines in FC from April-
May and May-June. Datadesk identified all replicates from farm 3 in December to be outliers 
(34.9 ±SD 1.1 ), and therefore they have been removed from the analysis. Three-way 
ANOVA (3.7) shows that month was a significant factor in the variation ofFC (p:s;0.0001), but 
neither farm site (p=0.1134), depth (p=0.6441) or any interactions were significant at the 5% 
level of confidence. 
Figure 3.04 Variation in mean FC from August 1999 to July 2000 in Big Glory Bay: data averaged over 
all farms and depths. 95% confidence intervals are shown, and asterisks indicate statistically significant 
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Biological condition (BC) 
Mean biological condition of mussels in this study (Figure 3.05A) increased over the spring 
and summer months, from 7.54 (±SD 0.74) in August 1999, to a peak of 13.06 (±SD 0.83) in 
March 2000. Condition then declined rapidly to the lowest average condition measured over 
the study period in June (7.35 ±SD 0.47). Thus the condition cycle of Perna canaliculus in 
Big Glory Bay is lowest in the winter months, shows steady increase through spring and 
summer reaching a peak in early autumn, followed by a rapid decline into winter. The 
asterisks in Figure 3.05A indicate highly significant (p:S:0.001) differences between the 
average BC of consecutive months. There were highly significant increases in BC between 
October-November, and February-March, and decreases between March~April, April~May, 
May-June. The BC of mussels from farn1 site 3, 5111 in December was very high (16.93 and 
18.13), and was removed from analyses after being identified by Datadesk as outliers. 
Results of three-way ANOVA on BC for month, fann site and depth are given in Table 3.3. 
Table 3.3 Three-way Al'JOV A on mean biological condition, testing for variation between sample depths, 
farm sites and months. 
Treatments 
Month: August 1999 - July 2000 (n=12) 
Farm site: 1, 2, 3 
Depth: Sm, 15 m 
Analysis of Variance 
Source df Sum of squares 1\1:ean square F-ratio P-value 
Constant 1 13248.7 13248.7 19354 :::; 0.0001 
Depth 0.121 0.121 0.178 0.6742 
Farm site 2 0.441 0.220 0.323 0.7251 
Depth x farm site 2 1.823 0.911 1.332 0.2704 
Month 11 471.801 42.391 62.656 :::; 0.0001 
Depth x month 11 11.890 1.081 1.579 0.1238 
Farm site x month 22 27.923 1.269 1.854 0.0269 
Depth x farm x month 21 14.031 0.668 0.976 0.5081 
Enor 71 48.602 0.685 
Total 142 587.028 
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Figure 3.05 Biological condition (BC) of Perna canaliculus in Big Glory Bay, from August 1999 to July 
2000. (A) all data combined; (B) at 5 m and 15 m; (C) at 3 farm sites; (D) at farm 1; (E) at farm 2; (F) at 
farm 3. Asterisks on figure A indicate a significant change in BC between sampling occasions. * = 0.05; ** 
= 0.01; *** = 0.001, and on figure C - between farm sites each month. 
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Three-way ANOV A shows month to be the only significant factor affecting the BC of 
mussels in this study when all the data is combined. Figures 3.05B-C reflect this result 
showing no consistent pattern of BC with depth or fann site. The significant interaction 
between fann site and month (p=0.0269) shows that although there were some significant 
differences in BC between farm sites for some months, there was no particular farm with 
consistently higher or lower BC. 
Two-way ANOV A (3.8) on depth and site perfom1ed separately on each month, found no 
statistical difference in BC with depth for any month, with the exception of October (Figure 
3.05B). LSD post-hoc tests on fam1 site, showed mussels from fam1 3 in October to have 
significantly greater BC than mussels from farm sites 1 (p=0.023) and 2 (p=0.015). BC at 
farm site 2 was lower in February than farn1s 1 (p=0.0078) and 3 (p=0.0045); BC at site 1 was 
significantly higher than at site 2 (p=0.008); and in July 2000, BC of mussels at farm 1 was 
significantly higher than fam1 2 (p=0.028). These findings are indicated by asterisks on 
Figure 3.05C. 
lVIussel measurement correlations 
Table 3.4 shows the Pearsons Product-Moment con-elation between the replicate means of 
each of the measured mussel parameters and condition indices. A number of the pairs show a 
strong linear relationship (>0.70) as would be expected between measurements such as shell 
length and shell weight (0.880), and between wet and dry tissue weight (0.877). 
Table 3.4 Pearsons Product-Moment correlation between Perna canaliculus measurements and indices 
for 12 months sampling from August 1999 to July 2000. 
BC 
Live weight (g) 0.1 
Shell weight (g) 0.165 
Drained tissue weight (g) 0.624 
Dry tissue weight (g) 0.863 
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The strongest relationship is between shell length and live weight (0.880) and it is not 
surprising that 'bigger' mussels (as measured by shell length) are 'heavier' (by live weight). 
Condition (fatness) of the mussel inside the shell is of no consequence in this relationship, as 
a big (long) mussel in poor condition will have increased shell cavity water, thereby making 
up the loss in tissue component of the live weight measure. Live weight is not a good 
indicator of FC (0.031) or BC (0.164), nor is shell length (0.101 and 0.204 respectively). As 
mentioned above, live weight cannot distinguish between shell cavity water and flesh weight. 
Only by opening (and thereby killing) a mussel can condition be estimated, as drained or dry 
tissue weight is required for a strong correlation with FC or BC. 
The relationship between factory condition and biological condition 1s strong (0.799), 
showing that the quick factory measure is a good estimate of the more time-consuming 
biological measure (Figure 3.06). The regression of FC against BC gave the following 
equation: 
BC= 0.658 x FC - 10.135 
Figure 3.06 Relationship between Factory condition and Biological condition in Perna canaliculus for all 
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Water property results 
CTD - temperature 
Mean temperature results recorded by the CTD at 5 m and 15 m, at each of the farm sites over 
the sampling period are presented in Figure 3.07. Temperature shows a distinct seasonal 
pattern at all farms and depths being lowest in August 1999 (10.08 °C at farm 2, 5 m) and 
highest in January (15.03 °Cat farm 2, 5 m). This temperature range of 4.95 °C is lower than 
that recorded by the continuous data loggers (5.78°C). In August and September, temperature 
at 5 m was slightly lower than at 15 m at all farm sites. From October through to April, the 
water at 5 m was slightly warmer than 15 m at all sites, and this trend is reversed again from 
May to July. 
Three way ANOVA (3.9) of this 5 and 15 m temperature data found that there were 
statistically significant differences between months (p:s;0.0001) and depths (p=0.0057), but 
not between farm sites (p=0.2358). The interaction between month and depth was also 
significant (p:s;0.0001), showing that the effect of depth was not consistent over the sampling 
period, as Figure 3.07 clearly shows. A non-significant interaction between depth and farm 
site (p=0.3905) suggests that the effect of depth was consistent over the three farms. 
The results of two-way ANOV A on temperature for each month of the study are presented in 
Table 3.5 for differences with depth and between farm sites. Temperature showed significant 
differences between 5 m and 15 m for nine of 12 months. Of these, the temperature at 5 m 
was greater than at 15 m for 5 months (summer), and temperature at 5 m was less than that 
observed for 15 m for four months (winter). There were significant differences in temperature 
between farm sites in August, May and July. 
Chapter 3 - Mussel growth and condition - Results 64 
Figure 3.07 Mean temperature (0 C) recorded by the CTD at 5 m and 15 m from three farm sites, August 
1999 - July 2000 
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Table 3.5 Results of two way ANOV A on temperature data with depth and farm site for each month of 
the study, August 1999 - July 2000. Asterisks indicate level of significance : ns = not significant; * = p:S 
0.05; ** = p:S 0.01; *** = p:S 0.001. x>y = mean temperature at x statistically greater than at y. 
month Difference in Temperature with Depth Difference in temperature with Farm site 
August *** 15>5 * 3>1 
September *** 15>5 ns 
October ** 5>15 ns 
November *** 5>15 ns 
December * 5>15 ns 
January *** 5> 15 ns 
February ns ns 
March ** 5>15 ns 
April ns ns 
May *** 15>5 ** 2&3>1 
June ns ns 
July *** 15>5 ** 2>3&1 
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CTD - Salinity 
Figure 3.08 shows the mean salinity values at 5 m and 15 m depths, for each of the three 
farms over the sampling period. Clearly, salinity at 5 m was always lower than at 15 m, thus 
salinity shows an increase with depth. This trend was consistent over all farms, although the 
degree of difference with depth varied between months. The lowest mean salinities were 
recorded in June 2000, being less than 33.85 PSU at all farms and both depths. 
Three-way ANOVA (3.10) shows both month (p:s;0.0001) and depth (p:s;0.0001) were 
significant factors in the variation of salinity, and a significant interaction between these two 
factors (p:s;0.0001) supports the observation that the degree of difference with depth varied 
between months. Farm site was also significant (p=0.0406), at the 5% level of confidence. 
However, a significant interaction between site and month (p:s;0.0185), suggests the effect of 
farm site was not consistent over the sampling months. Non-significant interaction between 
farm site and depth (p=0.8737) suggests that the effect of depth was consistent over the three 
farm sites as Figure 3.08 clearly illustrates. Two way ANOVA of the salinity data for each 
month of the study is presented in Table 3.6, and these tests further reinforce the observation 
that salinity increased with depth. 
Figure 3.08 Mean salinity (PSU) recorded by the CTD at 5 m and 15 m from three farm sites, August 
1999-July 2000. 
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Table 3.6 Results of two way ANOV A on salinity data with depth and farm site for each month of the 
study, August 1999 - July 2000. Asterisks indicate level of significance : ns = not significant; * = p::; 0.05; 
** = p::; 0.01; *** = p::; 0.001. x>y = mean salinity at x statistically greater than at y. 
month Difference in salinity with Depth Difference in salinity with Farm site 
w-----
August *** 15>5 ns 
September *** 15>5 ns 
October *** 15>5 ns 
November *** 15>5 * 2>3&1 
December ns ns 
January *** 15>5 ns 
February ns ns 
March ** 15>5 ns 
April ** 15>5 ns 
May *** 15>5 ns 
June ns ns 
July *** 15>5 *** 2>3&1 
CTD - Chlorophyll-a 
Mean chl-a levels for 5 and 15 mat the three fann sites over the study period are presented in 
Figure 3.09. The lowest recorded chl-a concentration was 0.06 µg/1 in September, and the 
highest was 5.32 µg/1 in January (farm 2, 15 m). Levels were variable in the early months of 
the study (spnng) and increased over the summer months. The highest chl-a concentration for 
all farms and both depths was recorded in January, although concentrations at 15 m were 
significantly higher than at 5 mat this time. Chl-a then decreased from January to the end of 
the study in July 2000. 
Three-way ANOVA (3.11) showed mean chl-a to vary significantly with month (p:s:;0.0001), 
and also between fam1 sites (p=0.0095), however depth was not a significant factor in this test 
(P=0.8946). A non-significant interaction between farm site and month (p=0.0845) suggests 
that variation in chl-a was similar at all sites over the sampling period, and LSD post-hoc tests 
showed mean chl-a at fann site 2 was significantly greater than at farm site 1. 
When each month is considered separately, the results are quite different from the three-way 
ANOV A above. Results of two-way ANOV A for chl-a data each month are presented in 
Table 3.7. These tests show that chl-a concentration was significantly different with depth for 
five of the 12 sampling months. In January there was more chl-a at 15 m than at 5 m, but for 
November, May, June and July the chl-a concentration decreased significantly with depth. 
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Figure 3.09 Mean chlorophyll-a (µg/1) recorded by the CTD at 5 m and 15 m from three farm sites, 
August 1999 - July 2000. 
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Table 3.7 Results of two way ANOV A on chlorophyll-a data with depth and farm site for each month of 
the study, August 1999 - July 2000. Asterisks indicate level of significance: ns = not significant; * = p:S 
0.05; ** = p:S 0.01; *** = p:S 0.001 
month Difference in chi-a with Depth Difference in chi-a with Farm site 
August ns ns 
September ns ns 
October ns ns 
November * 5>15 * 1>3 
December ns ns 
January ** 15>5 ns 
February ns ns 
March ns ns 
April ns ns 
May * 5>15 * 2&3>1 
June * 5>15 ns 
July ** 5>15 ** 2>1&3 
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For three months of the study, there were significant differences between the chl-a 
concentrations at the three fa1111s. In November, chl-a at fann site 1 was significantly greater 
than at fann site 3 (p=0.014). In May, levels at fa1111 1 were lower than farm 2 (p=0.013) and 
farm 3 (p=0.029), and in July fann site 2 had higher chl-a concentrations than farms 1 and 3 
(0.002 and 0.039 respectively). 
Continuous temperature recording 
Figure 3 .10 shows the daily mean water temperature recorded by the tidbit data loggers at 
fa1111 sites 1 and 3. Daily average temperature at the farm sites increased from the beginning 
of August to mid February. From mid February to late June, temperatures decreased at both 
farms and all depths. The lowest daily average was 9.54 °C, recorded at farm site 1, 5 m 
depth on August 4t11, and the highest was 15.32 °Con February 161h also at farm 1, 5 m depth. 
This represents a seasonal temperature variation of 5.78 °C. 
There appears to have been a technical eITor in the tidbit data-logger at farm site 1, 15 m 
depth (refer Figure 3 .1 OA). This logger recorded warmer water at 15 m depth than at 5 and 
10 m from January to the end of the study. There is a discrepancy between results from the 
logger and the CTD surveys. Figure 3.07 shows that CTD water temperature at 15 m was 
lower than at 5 m in the spring and summer, and slightly wa1111er during autumn and winter. 
It can also be seen that farm site 1 does not exhibit a different pattern from the other two 
farms according to the CTD. Salinity data from the CTD at site 1 was also the same as the 
other fa1111 sites (Figure 3.08) being greater at 15 m than at 5111. Therefore, there can be no 
physical explanation for a low-density, wann-water layer to be at 15 m depth at farm 1 as 
indicated by the tidbit logger. The data from the logger at farm 1, 15 m is therefore not 
considered in any further analysis or discussion. 
At fann site 1, the loggers at 5 m and 10 m water depth showed little variation in water 
temperature between these two depths over the sampling period (Figure 3.10A). ANOVA 
(3.12) found no significant difference between the daily average temperatures recorded by 
these two loggers (p=0.7719). At site 3, mean daily temperature at 15 m was generally lower 
than at 5 m from October to April, similar to data from the CTD surveys. The difference 
between these two depths was generally less than 0.5 °C, but this was statistically significant 
according to ANOVA (p:S0.0001) (3.13). Month, and the month/depth interaction were also 
significant (p:S0.0001 for both), showing that mean daily temperature varied with month, and 
with depth, but temperature variation with depth was not consistent over the sampling period. 
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Mean daily temperature at farm site 1, Sm is very close to that recorded by the logger at site 3, 
5 m, and was not significantly different according to ANOVA (p=0.1049) (3.14). The mean 
daily temperatures at 15 m from the two sites cannot be compared due to the error with the 
logger at site 1 as mentioned above. 
Figure 3.10 Mean daily water temperature (0 C) recorded by Onset Stowaway tidbit data loggers (5 
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Nutrient concentrations 
Unlike results derived from the CTD, nutrient results were obtained by analysis of discrete 
samples collected at 5 m depth only. Figure 3.11 shows the mean concentrations of DRP, 
ammonium and TON at the three farms for each month of the study. 
Figure 3.11 Mean monthly DRP, ammonium and TON concentrations (µg/1), from 5 m depth at the three 
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Dissolved reactive phosphate (DRP) 
Mean DRP concentrations decreased in the early months of the study, were variable in the 
spring and summer months, increased through autumn, and dropped again over winter. The 
lowest concentration was measured at farm site 3 in March (3.6 µg/1), and the highest at farm 
site 1 in May (36.8 µg/1). Two-way ANOVA (3.15) showed that both month (p::S0.0001) and 
farm site (p=0.0011) were significant factors in the variation of DRP levels. The interaction 
between these two factors was not significant suggesting the effect of farm site was consistent 
over the sampling period. LSD post-hoc tests showed DRP concentrations at farm site 3 to be 
statistically significantly lower than at farms 1 (p=0.0008) and 2 (p=0.048). 
Ammonium 
Ammonium concentrations at the three farm sites showed no particular pattern from July 1999 
to April 2000, being generally less than 50 µg/1. The lowest mean concentrations were 
recorded at all farms in December (<2 µg/1), however levels in March were also low (<10 
µg/1). There was a marked increase in mean ammonium concentration in May and June, 
particularly at farms 1 and 2. Two-way ANOVA (3.16) found a significant difference in 
ammonium concentration with month (p::S0.0001), but not with farm site (p=0.3371). The 
interaction between farm site and month was not significant (p=0.9297). 
Total oxidised nitrogen (TON) 
Mean TON concentration showed a more seasonal trend than did DRP or ammonium levels. 
Concentration decreased from July 1999, through winter and spring to lowest levels over the 
summer months, where all farms had mean concentrations of less than 5 µg/1 in December. 
From March, TON concentrations steadily increased again to a maximum of 97 .8 µg/1 at farm 
3 in June. Two-way ANOVA (3.17) showed month to be a significant factor in the variation 
of TON concentration (p::S0.0001), but farm site (p=0.5143) and the interaction between the 
two (p=0.8781) were not. 
Water clarity (Secchi depth) 
Two-way ANOVA (3.18) found the variation in water clarity (as measured by Secchi depth) 
with month was significant (p::S0.0001), but farm site and the interaction between the two 
were not (p=0.1722 and 0.4738 respectively). There was no particular pattern in the variation 
of water clarity with season. The greatest Secchi depth was 19 m at farm site 3 in January, 
and the shallowest at the same site in February (6 m). 
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Multivariate analyses 
The Pearson Product-moment conelations between water properties measured over the 13 
months of the study are shown in Table 3.8. Strong linear relationships (>0.70) exist between 
the levels of DRP and ammonium (0.814) and also between TON levels and temperature (-
0.716), although the latter is a strong negative relationship. As Figure 3.11 shows, TON 
concentrations were lowest in the summer months (December to February). The correlation 
between temperature and chl-a is the next strongest at 0.698, and this is illustrated in Figure 
3.09 with maximum chl-a concentration observed at the height of summer. The tests found 
moderate correlation between TON and all the other water properties ( excluding Secchi 
depth), highlighting the importance of TON in this system, and the inter-relatedness of all the 
prope1iies. Temperature and salinity also had a moderate correlation (0.598). The 
correlations between Secchi depth and all other parameters are weak or negligible. 
Table 3.8 Pearson Product-Moment correlations between water properties at three farm sites, for 13 
months of sampling. 
Temperature Chlorophyll-a Salinity DRP Ammonium TON 
Chlorophyll-a 0.698 
Salinity 0.598 0.458 
DRP -0.185 -0.277 -0.394 
Ammonium -0.341 -0.353 -0.466 0.814 
TON -0.716 -0.611 -0.598 0.565 0.661 
Secchi 0.004 -0.061 0.080 0.279 0.147 0.186 
Water properties and biological condition (BC) 
The R-squared values of linear regression and the results of simple correlation carried out 
between biological condition of mussels and the monitored water properties are presented in 
Table 3.9. The R-squared value indicates how well data fits a linear regression line, and 
therefore how well BC (the dependant variable) can be predicted from the independent water 
properties assuming a linear relationship . Simple correlation seeks to establish whether a 
straight line adequately describes the relationship between BC and the tested water properties 
when both are viewed as random variables. Hence how BC and the water properties vary 
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together by increasing in constant proportions, or with one increasing while the other declines 
(Hanaway, 1993). 
Table 3.9 R-squared values for regressions and Pearson Product-Moment correlations of water 
properties against biological condition of mussels in Big Glory Bay. 
R2 when regressed against Pearson correlation 
Water property BC against BC 
Temperature 70.9% (+ve) 0.842 
Salinity 19.4% (+ve) 0.441 
Chlorophyll-a 20.6% (+ve) 0.454 
DRP 19.1% (-ve) - 0.437 
Ammonium 38.5% (-ve) - 0.620 
TON 55.8% (-ve) - 0.747 
Secchi depth 5.4% (+ve) - 0.232 
The best result achieved by examining the fit of a regression line is the strong positive 
relationship of BC with temperature (70.9 %). It is clear that the biological condition cycle of 
mussels in Big Glory Bay is strongly linked with the seasons, increasing during spring and 
summer, and decreasing from autumn into winter. Water temperature follows the same 
pattern, but whether the temperature of the water is directly influencing mussel condition 
cannot be concluded from this test. 
The next highest R-squared occurs between BC and TON concentration, but this relationship 
is negative, indicating that when TON levels are low, mussel condition is high. For all other 
water properties, the fit of a linear regression line is poor, including the regression with chl-a, 
designed as a measure of food availability. A much better R-squared results if BC is 
regressed with the chl-a concentrations of the previous month (45.9%), or two months 
previous (50.6%). 
Pearson Product-Moment correlation on the same pairs of data finds a strong positive 
correlation between BC and temperature (0.842), and a strong negative correlation with TON 
concentration (0.711). The positive correlation with chl-a is weak (0.454), however if BC is 
correlated with chl-a from the previous month the result is moderate (0.620), and a strong 
correlation is found between BC and chl-a data from two months previous (0.711). 
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3.4 Discussion 
The major aims of this section of research involve the investigation of mussel growth rates 
and condition cycles in BGB, and their relationships with measured water properties. The 
interaction between environmental factors is discussed thoroughly in Chapter 2, and it is only 
the effect these variables have on the mussels themselves that is important in this section. 
3.4.1 Mussel Growth 
One of the major objectives of this research was to investigate possible reasons for slow 
growth rates of Perna canaliculus in Big Glory Bay. Shell length of mussels used in this 
study increased from 85.90 mm in August 1999 (3 years post-settlement), to 94.94 mm in July 
2000. This represents a rather slow growth rate of approximately 10 mm/year in the third 
year. Obviously, the growth rate of these mussels was faster in previous seasons as they had 
already grown to 85 mm in the first three years. 
It is well documented for various mussel species that growth rate decreases with size and age 
of the mussel (forgensen, 1976; Seed, 1976). In a study by Hickman (1979) of growth in P. 
canaliculus from the northern half of New Zealand, it was found the average value for growth 
after 12 months was 73 mm length, and 113 mm after 2 years. Hickman acknowledges that 
growth in large P. canaliculus is slower than in small individuals, due to the metabolic 
requirements of a large body leading to a drop in feeding efficiency [Hawkins, 1992 #67]. It 
is also noted that large mussels are less able to react quickly to an improvement in feeding 
conditions, for example high productivity in the spring. Flaws (1975) also found the growth 
rate of P. canaliculus decreased with increasing size, and more noticeably as mussels attained 
a length of 100-110 mm. The age of mussels at the beginning of the present study meant 
growth rates were never going to be extremely high. 
A further consideration is the allocation of energy reserves to reproductive processes, rather 
than somatic growth in animals of this size and age. Immature mussels allocate virtually all 
energy above that required for maintenance to somatic growth. However, once sexual 
maturity is reached, as for mussels in the present study (see Chapter 4), reproductive effort 
becomes an increasingly important function of growth (Hawkins and Bayne, 1992; Van 
Erkom Schurink and Griffiths, 1993; Karayucel and Karayucel, 2000). Even allowing for 
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these factors, growth of 10 mm in twelve months, or four years to reach 95 mm is a very slow 
growth rate for of Perna canaliculus. 
The most comprehensive study of Perna canaliculus growth in New Zealand, by Hickman 
(1979), used mussels in the range of 15-40 mm. It is not appropriate to make direct 
comparisons between growth rates in that study and present one, due to differences in the 
initial age and size of mussels. 
In hindsight, the decision to measure new individuals on each sampling occasion, instead of 
tagged individuals, was not the most appropriate experimental design. Although other studies 
have found that statistical differences in growth rate can be detected from a sample as small as 
15 individuals (Hickman, 1979), the best results have been achieved using repeat 
measurements of tagged individuals. Had the mussels in this study grown more than 10 mm 
in the 12 months, I am confident the design would have produced results that are more useful. 
I would not hesitate to use this method on smaller or younger individuals in more productive 
conditions. However, the high number of negative growth increments (five of the twelve 
sampling occasions) makes it difficult to draw any definite comparisons or conclusions 
regarding growth rate in BGB. Discussion of various aspects of growth in this study is still 
worthwhile, but should not be viewed as authoritative or irrefutable. 
It is clear that growth of mussels during this study was slower than in other farming areas of 
New Zealand, and slower than in previous years in BGB. Even before commercial mussel 
farming began in Stewart Island, there was evidence to suggest that the length of time to 
produce a marketable crop in southern New Zealand might be double that of areas from the 
Marlborough Sounds northwards (Hickman, 1979). 
Three-way ANOV A found depth, farm site and month to be significant factors in the 
variations in shell length, when all data was combined. Shell growth varied between months, 
with the greatest increase occurring between January and February. Mussels at 15 m showed 
greater shell growth than those at 5 m, and mussels at farms 2 and 3 showed greater overall 
increases in length than at farm site 1. Although these results are statistically different, their 
biological significance is doubtful, and economic significance is negligible. Even so, it is 
worth attempting to find reasons for these differences by considering the water properties 
measured during the present study, which may be extrapolated to explain biological or 
economic differences in mussel growth in BGB. 
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Correlations between growth and temperature have been previously reported in a number of 
studies on bivalve species, with growth rates highest in the summer, and low or negligible 
over the winter period (Seed and Suchanek, 1992). This is explained by positive links 
between temperature and primary productivity, but also the direct effects of low temperature 
on mussel feeding rates and metabolic processes (Hawkins and Bayne, 1992). The 
relationship of temperature with growth in the present study is good, with Figure 3.03A 
showing a steady increase in shell length through the spring months, when temperature was 
rising, and a growth spurt between January and February when water was warmest. Shell 
growth in the later months of the study is much slower with water temperature decreasing 
through autumn and into winter. Hickman (1979) held water temperature accountable for the 
distinctly lower growth rates of P. canaliculus measured in Bluff compared to that of the rest 
of the country. Higher than expected growth rates in the Marlborough Sounds during the 
same study, were thought to be the result of low water temperatures being offset by high 
primary productivity in this system. 
Despite the low correlation between chl-a concentration and mussel condition found in this 
study (0.454, Table 3.8), and the difficulty of other studies in correlating single environmental 
variables with growth (Seed and Suchanek, 1992), food supply must be regarded as the single 
most important factor in determining growth rates as it provides the required energy (Hawkins 
and Bayne, 1992; Seed and Suchanek, 1992; Hatton, 1999). Mean chl-a concentrations 
measured at the farm sites were in the range 0.1-3.0 µg/1, which is not different from levels 
recorded in the Marlborough Sounds of 0.3-3.2 µg/1 (Hickman et al., 1991). Oglivie (2000) 
recorded the lowest ambient chl-a of 0.5 µg/1 in January, and peak levels of 5.0 µg/1 in 
autumn in Beatrix Bay. Gibbs and Vant (1997) also presented chl-a data from Beatrix Bay 
averaging 3-4 µg/1 during the winter, and 1.7 µg/1 during the rest of the year. The difference 
between the Marlborough Sounds findings and those of the present study, is that chl-a in BGB 
appears to be at very low levels for a greater part of the year, reaching concentrations above 
1.0 µg/1 for only three months of the study from December to February. The peak in chl-a 
concentrations in BGB is during the summer, whereas it appears to be during the winter 
months in the Marlborough Sounds. 
In the present study, chl-a values were significantly lower at farm site 1 than site 2 (although 
neither was significantly different from farm 3). This information could provide the main 
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reason for the slower growth rate detected at farm 1, although the data is not powerful enough 
to relate these two observations statistically. 
The most significant increase in shell length, accounting for 35% of total growth, occurred 
between January and February, immediately after the peak in chl-a concentration. This fact 
should be emphasised despite the present study being unable to statistically quantify the 
relationship between chl-a concentration and shell growth in BGB. 
Chlorophyll-a concentrations cannot account for the fact that mussels at 15 m showed greater 
growth than at 5 m. Of the five months when there were significant differences in chl-a 
between depths, only in January was the chl-a concentration greater at 15 m. Similar studies 
on growth in Mytilus edulis have reported a relationship between growth rates and depth, and 
it is generally thought to reflect variations in food availability within the water column (Seed 
and Suchanek, 1992). Flaws (1975) found a definite variation in growth for P. canaliculus 
with depth at one of his study sites. This could not be accounted for by food availability ( or 
by light intensity or salinity). Hickman (1979) found variation in growth rate due to depth 
was not significant for P. canaliculus. 
A number of studies have shown that in the presence of adequate food, other environmental 
variables can become more important for mussel growth and condition. Hickman et al. 
(1991) identified salinity as the primary determinant of condition when food levels were 
above 200 µgC/1, and related a similar study where salinity was the dominant growth-
influencing factor for P. viridis. Following a sudden change in salinity, feeding rates and 
metabolism are initially depressed as the mussel adapts to the new osmotic regime (Hawkins 
and Bayne, 1992). Shell closure and reduced feeding efficiency can lead to slower growth of 
mussels in environments where salinity fluctuations occur on a regular basis. 
In the present study, mussels at 5 m showed slower growth than mussels at 15 m, and it is 
possible this could be an influence of a difference in salinity at these two depths. The 
shallower mussels were exposed to lower salinities (Figure 3.08), and greater variations in 
salinity as rainfall and runoff have more effect on the upper part of the water column than the 
bottom. Mussels at the top of farm lines are known to exhibit a great degree of variation in 
size, and mussels at the bottom of farms are often in better condition than those at the top 
(Gibbs et al., 1992). Continuous monitoring of salinity, similar that undertaken for 
temperature by the tidbit data-loggers would have yielded a valuable dataset to illuminate this 
issue. Continuous monitoring is sure to show greater variation in salinity at the 5 m depth, in 
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response to climatic conditions. It may also have been beneficial to have positioned mussels 
and salinity monitors in the very top meter of the water column to fully investigate the effect 
of salinity, and salinity variation on mussel growth and condition. 
A further factor to be considered, although it was not tested for in the present study, is the 
effect of stocking density on growth rates. High densities were shown to slow growth rates of 
four mussel species ( Chromytilus meridionalis, Aulacomya ater, Mytilus galloprovincialis 
and Perna perna) in South African waters, presumably as a result of competition for resources 
(Van Erkom Schurink and Griffiths, 1993). An inverse relationship between stocking density 
of cultured bivalves and individual growth rate (Dowd, 1997), has lead to the interest in 
estimating the carrying capacity of some aquaculture sites, such as Beatrix Bay, in the 
Marlborough Sounds (James and Ross, 1996; Proctor and Hadfield, 1996; Ross et al., 1998b). 
Stocking densities vary amongst mussel farmers, and individual farmers may vary the 
stocking density of their farms depending on the historical productivity of particular areas (B. 
Hayden, personal communication.). 
The stocking density of mussels in the present study was the same for all experimental 
droppers, as they were cut from the same farm line at the outset of the project. Thus density 
cannot explain differences in growth rates between depths or sites, but potentially the slow 
growth rate experienced overall in this study. Density of mussels on the droppers used in this 
study was approximately 400 mussels per meter of rope (S. Marwick, pers. comm.). By 
contrast, in the more productive farming environment of the Marlborough Sounds, mussels 
are seeded onto ropes at approximately 180 mussels per meter (Bruce Cardwellpers. comm.), 
which can decrease to about 120 / m by the time mussels reach harvestable size. It is clear 
that in addition to growth being limited by environmental factors in BGB, farm management 
practices might at least be partly responsible for the slow growth rate measured in the present 
study. Stocking densities of most Sanford farms in BGB have been reduced to 200 mussels / 
m since the beginning of this study to help increase growth rates, although seeding is still 
greater than 200 /min areas of historically better production (S. Marwick, pers. comm.). 
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3.4.2 Biological condition 
The main focus of this research is to investigate the condition cycle of Perna canaliculus in 
Big Glory Bay and attempt to account for changes in condition with measured water 
properties. Although marine farmers in BGB are aware at which time of the year their crops 
are in good condition, a biological study of mussels in this area had not been conducted until 
now. The present study provides information to farmers on the duration of optimal harvesting 
time of mussels in the Bay, with a possible explanation of seasonal and inter-annual variation 
in crop condition, and therefore economic returns. 
The measure of condition used in this study (100 x dry tissue weight / (live weight - shell 
weight) is essentially a dry weight to wet weight ratio, reflecting changes in body proportions 
(Hickman and Illingworth, 1980). An animal in good condition has a higher relative 
proportion of meat weight to shell weight than a poorly conditioned animal, and thus is more 
marketable and more profitable to the farmer. A strong correlation between BC and FC 
(0.799, Table 3.3), suggests the latter parameter can be used to estimate BC by using the 
relationship 
BC= 0.658 x FC-10.135 
Although the process of drying the mussel tissue is time-consuming, it does eliminate 
variation between groups of samples by standardising the degree of wetness, and therefore is 
recommended for use in biological investigations due to its precision (Hickman and 
Illingworth, 1980; Okumus and Stirling, 1998). 
Average biological condition in BGB steadily increased from a low of 7.54 in August 1999, 
to peak value of 13.06 in March 2000. This peak was followed by a rapid decline in condition 
from March to June, to again be lowest in the winter months (7.35, see Figure 3.05A). This 
cycle is rather different from other sites in New Zealand where this condition index has been 
used. Hickman and Illingworth (1980) measured condition monthly at seven sites in the 
northern half of New Zealand between December 1973 and February 19750 No information 
was provided as to the depth or stocking density at which the mussels in this study were held. 
It should also be pointed out that inter-annual variability in mussel condition is high 
throughout New Zealand (Flaws, 1975; Hickman and Illingworth, 1980; Hickman et al., 
1991; James and Ross, 1996; Hawkins et al., 1999), and as the two studies were carried out in 
different years, the results are not necessarily comparable. 
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Of the sites monitored by Hickman and Illingworth, mussel aquaculture has become well 
established in the Marlborough Sounds (Crail Bay), and in the Eastern Hauraki Gulf (Port 
Fitzroy) (Jeffs et al., 1999). Figure 3.12 compares condition at these two sites with data from 
the present study in BGB. The condition cycle in Crail Bay, one of the main production 
regions of Greenshell™ mussels in New Zealand, is quite different from BGB, being highest 
in early spring, decreasing over the summer months with a smaller peak in condition during 
late autumn. In Port Fitzroy, condition increased through spring and summer to a maximum 
in January, thereafter declining through autumn and into winter. The average condition in 
BGB at its peak (13.1) observed in the present study is higher than at Port Fitzroy (11.3), but 
not as high as at Crail Bay (15.0). 
Peak condition in BGB is at a different time of year to the other two sites, and this should be 
taken advantage of by farmers and those marketing the BGB crop. The dashed line (Figure 
3.12) indicating "good quality mussels" (>9.5 CI, Hickman and Illingworth, 1980) shows 
condition at Port Fitzroy to be good for six months, from September to February. Low 
condition for much of the year at the more northerly sites in the study, was thought to result 
from a longer spawning period, related to warmer waters (Hickman and Illingworth, 1980). 
Figure 3.12 Biological condition cycle of Perna canaliculus in three New Zealand farming areas: Big 
Glory Bay, Stewart Island (present study); Crail Bay, Marlborough Sounds; Port Fitzroy, Hauraki Gulf 
((Hickman and Illingworth, 1980). Dashed line indicates the "Good quality mussels" lower limit at 
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Condition in Crail Bay was above the "good-quality" cut-off for six months also, from August 
to November, and February-March. The present study shows condition in Big Glory Bay to 
be above the "good quality mussels" line for seven months from November to May. Despite 
growth of P. canaliculus in BGB being slow, it appears that the condition of mussels grown in 
BGB compares well to data available from other farming areas in New Zealand, at least for 
the 1999-2000 season. 
Three-way ANOV A identified month to be the only factor having significant influence on BC 
in BGB (Table 3.3). Unlike the findings for shell length, there was no significant difference 
in BC with farm site or with depth. There were three months where two-way ANOV A found 
significant differences between farms, but there was no pattern of mussels from a particular 
farm showing consistently higher condition. There was no statistically significant difference 
in BC with depth for any month (two-way ANOV A on each month, 3.8). This is despite the 
highly significant difference in temperature between depths at farm site 1 (Figure 3.07A), and 
the subsequent difference in temperature at 15 m from sites 1 and 2. Therefore, a discussion 
of mussel condition in relation to water properties at each farm site and depth would not be 
meaningful, as it was for shell growth. Although there were statistically significant 
differences in the measured water properties between different farm sites and depths, there 
was no quantifiable effect of the measured properties on mussel condition. 
Two replicates from farm site 3, 5 m depth in December were removed from analysis after 
being identified as outliers by ANOV A. Inclusion of these replicates resulted in the overall 
BC ANOVA (Table 3.3) returning a significant difference in BC with depth, suggesting that 
mussels from 5 m had significantly greater condition than those at 15 m. This is obviously an 
disproportionate influence for two replicates to have on the outcome of the ANOV A, which 
considered 144 replicates. BC of these two replicates were 16.93 and 18.13, being 
considerably higher than the monthly average condition for December of 10.52 (with these 
replicates excluded). These BC scores also surpassed the next highest BC of 14.54 (March, 
farm 3, 5 m). There were far more coloured females in these replicates (6 and 8 per replicate) 
than the average for December (3.8, excluding the two replicates concerned). This fact 
supports the recollection of the author that these mussels were in fact in very good condition, 
and there was no error in the sample processing. 
What possible explanation can be found for these two replicates in exceptional condition? 
Farm site 3 did not have significantly more chi-a than farms 2 and 1 for any of the months 
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leading up to the December sampling (Table 3.6). In fact there was significantly less chl-a at 
farm 3 in November than at farm 1. ANOVA did find greater levels of chl-a at 5 m than at 15 
m for November, but the difference with depth was not highly significant (p=0.0398). The 
nature of the study, with sampling 4 days per month, produced a large data set, but obviously 
did not capture all events over the thirteen-month period. It is possible that there was a 
localised algal bloom in the vicinity of farm 3, allowing rapid fattening of mussels in the 
weeks prior to sampling, which was not recorded. 
Another possible explanation is a lack of competition from surrounding farms leading up to 
the December sampling. The line to which the experimental droppers were secured was 
harvested on December 8th 1999, and reseeded December 16th (S. Marwick, pers comm.). 
However, it is not possible that the experimental mussels could have made such significant 
gains in condition during 8 days. Data for the surrounding farms (MFL270, 271 and 342) is 
not available, however it is possible that these farms were not stocked in the months leading 
up to the December sampling. Even if this were the case, it could not explain why only the 
mussels at 5 m, and not those at 15 m were in such good condition. 
Regression and correlative testing of BC and measured water properties (from all farm sites, 
depths and months combined) showed temperature to be the environmental factor having the 
greatest effect on mussel condition. The relationship between temperature and BC is strong 
(0.842, Table 3.8), and obvious, but not necessarily causal. Although temperature has the 
effect of regulating metabolic and feeding rates (Flaws, 1975; Hawkins et al., 1999), and 
hence appearing to increase condition over the summer months, food levels are a covariant in 
this relationship. Without higher ambient food concentrations in the summer, increased 
feeding rate would not yield any positive changes in condition. Further to this, temperature 
has little direct effect on phytoplankton, but increased sunshine hours during the summer 
months allows greater productivity, and hence the good correlation between temperature and 
chl-a (0.698, Table 3.7). The co-variation between these three factors complicates the 
individual relationships, and illustrates the point made by several other authors that relating 
single environmental parameters to mussel growth and condition in field studies is a very 
difficult task (Hawkins, 1992; forgensen, 1976; Seed, 1992; Flaws, 1975; Hickman, 1991). 
"Published data suggest a correlation between the mean level of condition in mussel 
populations and the latitude (and water temperature) at which they occur ... over a wide range 
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oflatitudes and several mussel species." (Hickman and Illingworth, 1980). The authors found 
agreement with this statement suggesting an inverse relationship between condition index and 
water temperature for P. canaliculus in New Zealand. Data from the current study is 
compared with the findings of Hickman and Illingworth (1980) in Figure 3.13. 
Figure 3.13 Relationship between mean annual condition of Perna canaliculus and mean water 
temperature. Data from northern half of New Zealand (Hickman and Illingworth, 1980: grey squares and 
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The regression line relates to the historical data only, and results from the present study 
suggest that BGB does not conform to this inverse relationship. Similarly, data for mussels in 
Bluff Harbour from the study by Hickman and Illingworth (1980) did not fit this relationship, 
with poor growing conditions given as an explanation. 
The next best correlation of a measured water property with mussel condition observed in the 
present study is the negative relationship with TON levels (-0.747). As mussel condition 
increases over the summer months, TON levels decrease, and then subsequently increase as 
condition drops off during autumn. Like the relationship of condition and temperature, these 
two variables are probably related via phytoplankton abundance. In Chapter 2 and Table 3.8, 
phytoplankton abundance (measured by chl-a concentration) in BGB during the summer was 
found to be TON-limited. This is also known to occur in the Marlborough Sounds despite 
continuous release of TON from the sediments (Kaspar et al., 1985), and excretion by farmed 
mussels (Gibbs et al., 1992). 
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However, TON concentrations in the present study also show a moderate correlation with 
temperature, salinity, DRP and ammonium concentrations (Table 3.7). The inter-relatedness 
of all these properties prevents the identification of a clear relationship between a single 
environmental factor and mussel condition. 
"There have been relatively few multifactorial analyses of environmental influences in 
mussels, but each serves to emphasise both the natural complexity and ecological 
relevance of associated interrelations." (Hawkins and Bayne, 1992, page 200) 
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Chapter 4. Reproduction of Perna canaliculus in Big Glory Bay 
4.1 Introduction 
"Most marine organisms have a geographical range over which they survive and a narrower 
range over which they breed successfully." (Seed and Suchanek, 1992, page 94) 
Although Perna canaliculus has been farmed intensively in Big Glory Bay (BGB) over the 
last decade, only small populations were known to exist on the northern reaches of Stewart 
Island prior to farming (S. Marwick,pers comm). This suggests that although the species can 
be successfully farmed there, it may be at the southern limits ofit's distribution, and only able 
to reproduce infrequently, under extremely favorable conditions. 
Reproduction in Mytilus species generally shows seasonal trends, related to temperature and 
food resources (Seed, 1975; Rodhouse et al., 1984; Hickman et al., 1991; Seed and Suchanek, 
1992). Commercial species are known to exhibit significant loss of condition following 
spawning, hence the reproductive cycle plays an important role in harvesting periods and 
profitability (Seed and Suchanek, 1992). Harvest volumes of Greenshell™ mussels in the 
Marlborough Sounds can fall by up to 65% in the months following spawning (Fox, 2000). 
An understanding of the reproductive cycle of Perna canaliculus in BGB, and its links with 
condition and meat yields, is therefore valuable information for farmers. 
Very few published studies on Perna canaliculus have included detailed reproductive 
investigation. Most information is in the form of unpublished industry reports and University 
theses. Examination of histological sections is considered the most reliable method fo~ 
determining reproductive cycles in mussels (Seed and Suchanek, 1992). This technique has 
only been undertaken and reported by Flaws (1975) and Buchanan (1999), both in the course 
of Ph.D. studies. 
Flaws (1975) studied histological sections from animals collected in the Pelorus and 
Keneperu Sounds (Marlborough Sounds), each month between May 1970 and July 1971. The 
author found spawning was possible throughout the year but occurred mainly in December, 
March and May-June. Flaws found there to be no relationship between gonad-stage and shell 
measurements (size, breadth, volume), salinity or turbidity. The only environmental factor 
that clearly related to the reproductive cycle was temperature, with little gametogenic activity 
occurring below 13 °C. 
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More recently, Buchanan (1999) developed a classification system for P. canaliculus based 
on A1ytilus edulis stages. The staging of gonads in the ctment investigation utilizes 
Buchanans' scheme. Buchanan (1999) collected mussels from French Pass (Marlborough 
Sounds) monthly from July 1994 - June 1995. Development was found to occur during the 
late autumn/winter, and again in late summer (February). Spawning was found to occur 
between August-September and March-April. The reproductive cycle determined by 
Buchanan's study agrees well with the condition cycle of mussels observed in the 
Marlborough Sounds (Hickman and Illingworth, 1980; Hickman et al., 1991), particularly an 
acute loss of condition in late winter related to a spawning event. 
As the condition cycle of P. canaliculus in BGB (Chapter 2) was found to be out of synch 
with Marlborough Sounds mussels [Hickman, 1980 #4), the reproductive cycle may also be 
expected to peak at a different time, if in fact spawning occurs at all. Flaws (1975) claimed 
little reproductive activity occurred below 13 °C in the Marlborough Sounds, therefore in 
BGB reproduction is likely to be restricted. The water temperature of only five and a half 
months (from late October to early April) was found to exceed 13 °C (Chapter 3), compared 
to eight months in the Marlborough Sounds from late September to late May (Buchanan, 
1999). 
The present study is the first scientific investigation into reproduction of Perna canaliculus in 
BGB. Marine farmers in the bay are aware that low levels of spawning activity occur during 
autumn, but it is thought that only some individuals participate, and of those most only 
partially spawn. There appears to be very low numbers of locally spawned mussels in BGB, 
with no settlement thought to occur outside the bay. Farmers believe that low water 
temperatures in the area inhibit mass reproduction and settlement (S. Marwick,pers comm). 
This preliminary investigation therefore has the following aims. 
• To describe the annual reproductive cycle of Perna canaliculus in BGB using 
histological examination of gonads. 
• To find possible links between reproductive activity and the ternperature regime and 
food resources of BGB. 
• To relate reproductive activity to the condition cycle investigated and described in 
Chapter 3. 
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4.2 Methods and Materials 
Twenty mussels were collected from an experimental dropper at farm 1 (Figure 2.01), from a 
depth of 5 m. Collection occurred on the last day of each sampling trip (see chapter 2.2) for 
the thirteen months ofresearch from July 1999 to July 2000 (excluding August and November 
1999). Mussels were transported live in a chilli-bin to the Portobello Marine Laboratory to be 
analyzed within 48 hours of collection. Mussels were cleaned of encrusting material and the 
byssus threads cut flush to the shell before being weighed and measured for live weight, shell 
weight, meat weight (0.001 g) and shell length (0.01 mm using electronic calipers). 
Attempts were made to identify three males and three females from which the mantle was 
removed and fixed in 10% buffered formalin. The task of identifying the sex of an animal is 
very difficult when the mussels are in resting or spent reproductive condition, as both sexes 
have a flaccid creamy appearance. The gonad tissue of developing or ripe females however is 
a pinky-apricot colour, and males are creamy-white, thus sexes are easily identifiable at this 
stage. 
From the middle of each fixed gonad, a 1 cm2 sample was dissected for histological 
processing. Flaws (1975) showed that development throughout the gonad of P. canaliculus 
was uniform, thus one sample from each gonad was assumed to be representative. Samples 
were embedded in paraffin wax using an Elliot tissue processor (Buckland Street, Liverpool 
17, UK.), sectioned at 7 µm (Spencer "820" microtome) and stained with Myers haematoxylin 
and eosin. Stained and mounted sections were viewed at 100 x magnification using a 
compound microscope fitted with a video camera, allowing images to be captured using NIH 
Image software (Versionl.61). 
Samples were described using a ten stage classification system for P. canaliculus developed 
by Buchanan (1999) based on a system for Mytilus edulis (Seed, 1975). Explanations of 
morphological changes at each stage are given in T~ble 4.1, and typical examples of male and 
female stages are shown in Figure 4.1. Gametogenic stages were ranked according to scores 
from Kennedy (1977). Similar ranking schemes are also used in histological studies of 
Mytilus species (Wilson and Seed, 1974; Seed, 1976; Rodhouse et al., 1984; King et al., 
1989). A score of 1 indicates animals are spent or resting. Score 2 was used for animals 
classified as either developing, or spawning, and score 3 allocated to animals in a mature 
reproductive condition (Table 4.1). The gonad index (GI) is calculated as the average of the 
scores of all individuals for each month of the study. For example, if all six of the mussels in 
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a monthly sample are spent, resting or of indetenninate sex, the GI for the month is 1. If all 
mussels in a monthly sample are mature, the GI is 3. A GI of 2 indicates that animals in a 
monthly sample are either developing or spawning. 
Table 4.1 Microscopic classification of Pema canaliculus gonads. Ten reproductive stages are described 
and their corresponding scores given (from Buchanan, 1999). 
STAGE 
1 Rest 
2 Development A 
3 Development B 
4 Development C 
5 Development D 
6 Mature 
7 Spawning A 
8 Spawning B 














Inactive. Animals which have completed spawning. Gonad 
comprised mostly of storage cells. Residual follicle may be 
present. 
Gametogenesis begins, follicles visible but no mature gametes 
apparent. 
Follicles larger. Ripe gametes first appear. (About 30% full 
maturity) 
Follicle size increases. About 1:1 ratio of mature to developing 
gametes. 
Gametogenesis still in progress, follicles contain many mature 
gametes. Spermatozoa form laminae. (about 70% full 
maturity) 
Fully mature. Ova compacted into polygonal shaped 
configurations and male gonad is distended with ripe sperm 
arranged in compact laminae. 
Active spawning commences. Evidence of reduced density of 
sperm, laminae appearance is lost. Ova become more rounded 
as pressure is reduced. 
Gonad is about half empty. Some redevelopment may be 
occuning. 
Gonad about 70% empty. 
Follicles collapsing. Only residual gametes remain which may 
be undergoing cytolysis. 
The qualitative classification system used in the present investigation was selected in favor of 
more robust quantitative techniques for a number of reasons. The primarily investigative 
nature of this work does not necessitate in-depth understanding of the reproductive processes 
of P. canaliculus, but rather indications of whether reproduction is evident at the southern 
most limits of its distribution. The sample size of six animals each month does not allow 
thorough statistical working of the results, the very reason quantitative techniques are 
recognized as advantageous (Seed and Suchanek, 1992; Buchanan, 1999). The quantitative 
classification system has been recognized as effective in its ability to describe reproductive 
trends (Buchanan, 1999), and this is all the present investigation requires. 
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Temperature was monitored continuously at 5 m depth by Hobotemp® tidbit data-loggers, 
adjacent to the line from which mussels were sampled for histological analysis. Chlorophyll-
a (chi-a) levels were also measured close to this line, using flurometric analysis of the filtrate 
from discrete water samples taken at 5 m. Specifications of equipment, sampling strategy and 
data processing is described in Chapter 2. 
Figure 4.1 General reproductive categories in male and female Perna canaliculus. Magnification is 40x 
unless otherwise stated. Micrographs by the author, text from Buchannan (1999). 
A Rest- Early development (Stages 1-2). Nearly all the gonad is composed of storage 
cells. Residual or newly developed gametes may be visible. (Magnification 1 OOx) 
B Development (Stages 3-5). The gonad is increasingly composed of follicles that are 
being tightly packed with developing gametes. In males, developing spermatocytes are 
densely packed around peripheral regions of the follicle with spermatozoa towards the center. 
In females, small developing oocytes are connected to the follicle wall with mature oocytes 
free in the center. 
C Mature (Stage 6). Follicles fill the gonad and are packed with gametes. The majority 
of gametes are mature. In males, spermatozoa fill the bulk of the follicle and are arranged 
into laminae converging on the center. In females, oocytes are large and densely packed, 
many appear polygonal in shape. (No mature females were identified in this study.) 
D Spawning (Stages 7-9). Follicles may still fill the gonad but will reduce as gamete 
density falls. Many gametes have been released from the follicles and there is evident empty 
space. In females, reduction in density allows many oocytes to become more rounded in 
appearance. Redevelopment may occur and developing gametes may be attached to the 
follicle wall. 
E Spent (Stage 10). The majority of the gonad is made up of collapsed follicles. There 
are few storage cells apparent. Intact follicles make up only a minor proportion of the gonad 
and remaining gametes are degenerating. 
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4.3 Results 
From July to December 1999, both males and females appeared to be either spent or resting. 
Very little variation occuned between the individuals within the monthly sample, and it was 
sometimes difficult to distinguish the sexes even at higher magnification. Development 
began in January, peaking in February, with all specimens in that month identified as stages 
4-6. From March to June 2000, all specimens were at various stages of spawning or 
resorption (stages 7-9), and were resting by July. Figure 4.2 illustrates the cycle of 
gametogenesis in BGB using the Gonad Index classification system (Kennedy, 1977). 
Factory condition (FC) of the mussels dissected for histological examination is also presented 
in Figure 4.2. FC was low from July to December 1999, increased sharply over the summer 
months, reaching a peak in February, and falling again to low levels in the autumn and winter. 
A sample size of six animals each month is too small to draw accurate or statistical 
conclusions regarding synchronous development of the sexes, however in January and 
February it was apparent that males were at a later stage of development than females. In 
January, the three females were resting ( stage 1 ), whereas the males were developing at stage 
3. In February, females were developing (stage 4) and the males were mature (stage 6). 
Mature females were never observed in this study, possibly due to the small sample size or the 
length of time between sampling occasions (four weeks on average). This small sample size 
has also contributed to the large confidence intervals of the mean GI in some months. 
Figure 4.2 Gonad Index and Factory condition for Perna canaliculus from Big Glory Bay, July 1999 -
July 2000. Error bars indicate 95% confidence intervals of mean GI. 
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Correlations 
Spearman-rank correlations between the monthly mean of measurements made during 
dissection, and monthly GI are presented in Table 4.2. The strongest correlation was between 
GI and drained tissue weight (0.840), but the correlation with live weight is also strong 
(0.809). FC shows a weak correlation with GI (0.315). 
Table 4.2 Spearman rank correlations of monthly mean measurements of mussels dissected for histology, 
and the Gonad Index calculated for each month. 
Monthly mean ... 
Live weight 
Shell length 










Figure 4.3 shows the monthly average temperature and chlorophyll-a readings at the site from 
which mussels for histological analysis were collected. Temperature ranged from 9.5 °C in 
August 1999, to a peak of 14.5 °C in January, before decreasing steadily through autumn and 
into winter. Chi-a increased from a mid-winter low of 0.3 µg/1, to peak concentration of 2.25 
µg/1 in January, with a minor spring increase recorded in October. Following the summer 
peak, chi-a declined through autumn to less than 0.15 µg/1 for the winter months. 
Figure 4.3 Water temperature measured by Hobotemp tidbit datalogger and chlorophyll-a from discrete 
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4.4 Discussion 
This study has found that gametogenesis and spawning does occur in Perna canaliculus 
farmed in Big Glory Bay. Gametogenesis occurs in the summer months from December to 
February, spawning in the autumn (March to May), although with the information available it 
was not possible to determine whether gamete loss was primarily due to spawning or 
resorption. There was little reproductive activity observed between July and November with 
the vast majority of individuals identified as resting (stage 1) or spent (stagelO). 
This reproductive cycle of summer gametogenesis and autumnal spawning differs from other 
histological studies of P. canaliculus. Buchanan (1999) and Flaws (1975) both found 
gametogenesis in the winter and spring, redevelopment during spawning, and more than one 
spawning event in their twelve month studies. Both studies were conducted using mussels 
from the Marlborough Sounds. These studies also found that on any sampling occasion a 
proportion of the animals were mature, spawning or redeveloping, suggesting that P. 
canaliculus is a trickle spawner, a trend also observed in Mytilus edulis (Wilson and Seed, 
1974; King et al., 1989; Villalba, 1995). This does not appear to be the case in the present 
investigation, although the small sample size does not allow this to be entirely dismissed. 
In Figure 4.4, data from French Pass (Buchanan, 1999) is compared with the gametogenic 
cycle found in BGB. The noted presence of mature or spawning individuals year-round at 
French Pass has the effect of increasing the GI for the area, and this was always higher than 
for BGB. In the present study, 100% of the animals were observed to be spent, resting or of 
Figure 4.4 Gonad Index for Perna canaliculus from Big Glory Bay 1999 - 2000 (solid line) and French 
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indeterminate sex (stages 1 or 10) on a number of occasions, therefore scoring the minimum 
value of 1 on the Gonad Index. The French Pass population was not found to spend periods 
resting, as redevelopment occurred in some mussels whilst others were spawning 
The most notable difference between the French Pass population and BGB mussels in this 
study is latitude, and consequently water temperature and photoperiod. Temperature is 
widely recognized as an important factor in controlling reproduction in marine invertebrates 
(Seed, 1976). Many studies of Mytilus edulis have found temperature to be the main 
exogenous factor controlling the gonad cycle of the species (Seed, 1975; Bayne, 1976; Seed, 
1976; Bayne et al., 1978; Bayne and Widdows, 1978; King et al., 1989; Villalba, 1995). In 
New Zealand, Kennedy (1977) showed increasing water temperature caused a decline in the 
GI of M edulis aoteanus and Aulacomya maoriania. Flaws (1975) states that little spawning 
activity occurs in P. canaliculus below 13 °C, and mentions the fact that animals spawning in 
cool-temperate waters are likely to do so over a shorter period of time than those in warm-
temperate or subtropical waters. 
The study of P. canaliculus at French Pass (Buchanan, 1999), showed temperature ranged 
from a minimum of 10.5 °C in July, to a high of 17.5 °C in January, being above the 13 °C 
threshold noted by Flaws (1975) for eight months. Continuous temperature recording in the 
present study showed temperature was above 13 °C for six months from November to April. 
Temperature increased steadily from the middle of winter, and peaked in January (Figure 4.3), 
when gametogenic development has only just begun in the mussels. Spawning/resorption 
began in February, as temperature declined into autumn and winter. The limited range of 
scores in the gonad index (1-3) allocates a score of 2 to all mussels not identified as spent or 
mature. As such, GI does not recognise that mussels collected from March to June are 
progressing through spawning and resorption, and as such, the GI curve does not closely 
follow the decreasing temperature curve. 
Regression between monthly GI and monthly mean water temperature shows no relationship, 
with an r2 of 0.035 . As it takes time for a mussel to build up reserves and begin 
gametogenesis, GI can reasonably be compared to the environmental conditions over the 
previous month. A regression between GI, and temperature of the previous month has a 
negligible relationship, with an r2 of 0.36, and with temperature of two months previous is 
strong (r2=0.73). 
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In the present study temperature clearly has some influence on the reproductive cycle of P. 
canaliculus. However, a time-lag of about two months is evident between increasing water 
temperature and the onset of gametogenesis in Big Glory Bay. 
In addition to temperature, nutrition is regarded as an important factor controlling the 
gametogenic cycle in mussels (Seed, 1975; Redhouse et al., 1984; Hickman et al., 1991; 
Villalba, 1995; Buchanan, 1999). Favorable feeding conditions enable opportunistic mussel 
populations to redevelop quickly after spawning, and a second spawning of the same 
magnitude as the first can occur (Berry, 1978). Histological studies of P. canaliculus in the 
Marlborough Sounds (Flaws, 1975; Buchanan, 1999) do not present complementary data on 
food availability. Buchanan (1999) does suggest however, that evidence of trickle spawning 
and multiple mass-spawning events reflect favorable nutritional conditions in the area. 
Mean chl-a concentrations measured adjacent to the mussel line each month is presented on 
Figure 4.3. The peak in chl-a concentration in January, was a month prior to the highest GI 
measured. Linear regression shows no relationship between monthly GI and monthly mean 
chl-a (r2=0.01). Regression between GI and chl-a concentration from one month previous is 
negligible (r2=0.30), and with two months previous is also negligible (r2=0.25). This study 
does not show any statistically verifiable relationship between GI cycle and a standard 
measure of food availability. However, it should not be considered a coincidence that peak 
chl-a concentration is recorded one month before reproductive maturity. Again, the lack of 
resolution of the GI measure may have made this relationship difficult to determine 
statistically. 
Part of this investigation is aimed at determining relationships between the reproductive 
process in Perna canaliculus and measurements of condition. To relate the reproductive 
cycle to "fatness" of the mussels is more applicable to farmers in BGB than the relationship of 
GI to temperature and food supply. The association between gamete production and tissue 
storage cycles in bivalve species is well known (Villalba, 1995), however this varies between 
species and populations (Bayne, 1976). In Pecten maximus, Macoma balthica and Mytilus 
edulis, a nutrient store is accumulated in the summer, and is used for vitellogenesis and 
gametogenesis in the autumn and winter. This system of reserve accumulation and 
reproduction is referred to as conservative (Redhouse et al., 1984), and it ensures larvae can 
exploit the characteristic spring phytoplankton bloom. Tellina tenius, Abra alba, Chlamys 
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septemradiata and Cardium edule exhibit cycles of fattening and gametogenesis which are 
nearly simultaneous (Bayne, 1976), releasing gametes in the summer after the spring bloom. 
This system is referred to as opportunistic by Redhouse et. al. (1984). A single species can be 
conservative or opportunistic, or both depending on the environmental conditions and latitude 
of the population. 
In P. canaliculus, Flaws (1975) found little connection between gonad and condition indices, 
which he attributed to the extended spawning period of the species in the Marlborough 
Sounds. Although Buchanan (1999) did not measure condition in his study, he discusses the 
similarity between the reproductive cycle at French Pass and the mass condition cycle found 
by Hickman et al. (1991). Buchanan (1999) particularly points out the late winter spawning 
in his study related closely to a sharp drop in condition found by Hickman from July to 
September. 
The current study measured live weight and meat weight of mussels used for histological 
investigation in order to compare factory condition (FC), or meat yield ( drained tissue weight 
/ live weight x 100) to gonad index (Figure 4.2). From October to March, FC and GI are 
closely related, both increasing during summer to peak in February, followed by a period of 
decrease to a low in July. Through the spawning period in autumn however, the correlation is 
poorer due in part to the restricted range of the GI allocating a score of 2 to all spawning 
stages. GI does not reflect the progression of spawning/resorption through autumn, only 
recognizing that mussels are not spent or mature. Spearman rank correlation between 
monthly GI and monthly FC of mussels used for histology, reveals a weak relationship (r2 = 
0.315). Despite this moderate statistical relationship, brought about by the deficiencies of the 
GI scoring system, it appears the reproductive cycle of Perna canaliculus in BGB is closely 
related to the condition cycle. 
This population can therefore be regarded as opportunistic, with the fattening and 
reproductive development occurring simultaneously. Condition is lost during the autumn as 
mussels spawn or reabsorb gametes, and reserves are re-metabolised for use in basic life 
function in the absence of adequate nutritional resources. Returns to farmers are reduced over 
this period as meat weight declines, and they would be well advised to harvest as much crop 
as possible before the drop in condition brought about by spawning. 
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Chapter 5. General conclusions 
Water properties 
Several of the water properties measured along the transect from FS into BGB showed clear 
seasonal cycles. Temperature increased over the spring and summer months at all stations 
along the transect, and declined through autumn into winter. Chl-a levels exhibit a similar 
cycle, peaking in January. The relationship between temperature and chl-a is likely to be 
sunshine hours, rather than the direct effect of temperature on phytoplankton productivity. 
TON concentrations in BGB also showed seasonal trends, being lowest from December to 
March as the result of increased photosynthetic activity over the summer. The TON cycle in 
Foveaux Strait was not as clear due to what appeared to be a TON rich intrusion of water into 
the Strait in January. Salinity, DRP, ammonium levels, and water clarity fluctuated on a 
monthly basis but did not exhibit a seasonal cycle for the 1999/00 period. 
The differences in water properties in July 1999 and 2000 illustrate inter-annual variability in 
the system. Temperature, salinity, ammonium and TON were significantly greater at all 
stations on the transect in July 2000 than the previous year, and chl-a was significantly lower 
in July 2000. 
There were statistically significant differences in the measured parameters between FS, PI and 
BGB, for many months of the study. Salinity was consistently and significantly higher in FS 
than BGB for all months of the study. Temperature in FS was significantly different from 
BGB every month except November, and also different from PI for eleven months, being 
lower in summer and higher in winter. Chl-a was significantly different in the three areas 
over the summer months, being highest in BGB. DRP and ammonium were greater in BGB 
than FS, especially during the winter. These factors illustrate that although BGB relies on PI 
and FS for water exchange, this relationship is limited and BGB shows signs of being quite 
independent of the adjoining areas. 
In agreement with previous studies in the area, phytoplankton abundance (as measured by chl-
a concentration) shows signs of being limited by light during the winter months, and by TON 
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concentration in the summer. These relationships are stronger in BGB than in PI and FS, due 
to the limited flushing of the bay. 
Mussel farmers in BGB are particularly interested to find whether chl-a and TON 
concentrations have changed significantly over the past decade. Comparisons between data 
collected in the present study and previous investigations, show that although inter-annual 
variability exists in the system, the concentrations of both properties have remained relatively 
steady. 
Mussel growth and condition 
Growth of Greenshell™ mussels in BGB is slow. Shell length increased only 10 mm in the 
twelve months of this study, however the age and size of mussels at the outset of the study 
determined this growth rate to some degree. 
There were significant differences in growth with depth (mussels at 15 m grew faster than 
mussels at 5 m), and farm site (mussels at farm 1 grew more slowly than mussels at farms 2 
and 3). 
This study found a good relationship between growth and water temperature, with growth 
being highest over the summer months and negligible during winter. There were statistically 
significant differences in the amount of chl-a measured at the three farm sites, being 
significantly lower at farm site 1 than at site 2. This provides a possible explanation for the 
slower growth rate at farm 1. Thirty-five percent of total shell growth occurred between 
January and February at the peak of chl-a concentration, further emphasising the relationship 
between mussel growth and food availability. 
Condition of the Greenshell™ mussel in BGB increases steadily over the spring and summer, 
reaching maximum condition in March. This peak is followed by a rapid decline from March 
to June, being lowest again over the winter months. The rapid loss of condition appears to be 
associated with a spawning event, or re-absorption of gametes and utilisation of nutritive 
stores in the absence of adequate food at this time. 
Although growth of mussels in BGB is slow, condition is good compared to the other major 
farming areas in New Zealand. Condition was greater than 9.5 ('good-quality mussels') for 
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seven months from November to May. Highest economic returns to the farmer would come 
from harvesting between January and April when condition is greater than 11.0. 
ANOV A found no significant differences in condition between site and depth when data for 
the whole study is combined, as were found for growth. Variation in condition with month 
was highly significant (p:S0.0001) as the annual condition cycle testifies. BC showed a strong 
positive correlation with temperature (0.842) and a strong negative correlation with TON (-
0.747). However, neither of these factors directly effect mussel condition to a large degree, 
but are co-variants in the relationship between phytoplankton abundance and condition. 
During the summer months when chl-a is highest, sunshine hours (and hence water 
temperature) are high, and TON is depleted by increased photosynthetic activity. 
There is a lag period of two months between the peak in chl-a concentration (January) and the 
highest biological condition (March). This is not a surprising finding given that mussel 
condition is the cumulative result of the total environmental stimulus of preceding months, 
and not a reflection of environmental conditions at the time of sampling. 
Although inter-annual variability in the BGB system is high, this study did not find a 
significant change in environmental conditions that could account for the reduction in growth 
rate of mussels in BGB in the late 1990' s. This would suggest that the dramatic increase in 
the number of farms in the bay, but more specifically seeding density and individual farm 
management, might be responsible for the slow growth rates experienced in the past few 
years. 
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Recommendations for future study ... 
The benefits of long-term data sets are invaluable. Continuous temperature / salinity 
monitoring, and more frequent chl-a sampling and nutrient analysis (fortnightly?) will build 
up a long-term picture of the environmental conditions affecting productivity in BGB. 
Continuing to gather data from the weather station would also provide further information 
regarding interannual changes related to productivity within the bay. Records are already 
kept of seeding and harvesting dates of mussels in the bay, and some farmers have extensive 
records of growth rates and measures of condition for their farms. All this data combined 
would provide the necessary information to apply the NIWA carrying capacity model 
(Hayden et al., 2000) to marine farming in BGB. 
Further study of the currents, tides and water movements in the bay may reveal that much has 
changed since the early 1990's when Pridmore and Rutherford (1992) studied these aspects of 
BGB. Technology has certainly come a long way in that time, so the equipment used to 
monitor water movement can now provide much more detailed information than was possible 
even five years ago. This aside, the proliferation of mussel farms in the bay - many very 
highly stocked, will certainly be affecting water movement and water exchange in BGB. 
Mussel farms that previously performed well may now show signs of reduced productivity, as 
the mechanisms that transport food to the mussels in the farm have been altered by the farms 
themselves. 
And to farmers in the bay ... 
Individual farm management, especially stocking density of mussels on the lines, and spacing 
between droppers, can play a very large part in the growth rates of mussels within the farm. It 
would be very simple for farmers to conduct basic experiments on mussel growth rates at 
different densities at their various farm sites. From this information, cost-benefit analysis 
would show the appropriate stocking density for each farm, to grow mussels to harvest size in 
the quickest time possible, with maximum economic benefits. 
I recommend farmers keep themselves well informed of the numerous studies on Greenshell™ 
mussel farming being conducted throughout New Zealand by Research Institutes and 
Postgraduate students alike. Although BGB is a different farming environment from other 
areas, many of the principles and findings will apply. 
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-5 to +35 °C 
0 to 7 S/m (0 to 70 mmho/cm) 
50, 100, 150, 200, 300, 500, 1000, 3000, 5000 or 
10,000 psia 
0.01 °C/6 months 
0.001 Sim/month 
0.25 % of full scale range (50 to 1000 psia) 
0.15 % of full scale range (3000 to 10,000 psia) 
0.001 °C 
0.0001 S/m 
0.015 % of full scale range 
-1 to +31 °C (measurements outside this range 
may be slightly reduced accuracy due to 
extrapolation errors) 
0 to 7 S/m. Physical calibration over the range 
1.4 to 6 S/m. (Measurements outside this range 
may be at slightly reduced accuracy due to 
extrapolation errors) 
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Appendix B-Pivot tables of CTD data for each month of the study. 
Jul-99 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (0 C) 11 .39 11 .36 11 .00 10.68 9.92 9.98 10.02 10.03 10.00 10.08 10.53 - Max of Temp (°C) 11.40 11 .39 11.41 10.99 10.37 10.57 10.69 10.56 10.69 10.57 11.41 - Min of Temp (°C) 11 .39 11.34 10.65 10.36 9.67 9.59 9.79 9.53 9.66 9.78 9.53 - Average of Salinity (PSU) 34.71 34.71 34.35 34.17 34.05 34.10 34.11 34.08 34.08 34.13 34.29 - Max of Salinity (PSU) 34.71 34.73 34.72 34.39 34.36 34.40 34.62 34.43 34.54 34.39 34.73 - Min of Salinity (PSU) 34.70 34.69 33.90 33.79 33.85 33.88 33.97 33.65 33.83 33.97 33.65 - Average of Chi-a (µg/1) 0.27 0.29 0.32 0.40 0.36 0.30 0.35 0.34 0.27 0.30 0.31 - Max of Chi-a (µg/1) 0.28 0.29 0.34 0.41 0.39 0.31 0.37 0.37 0.30 0.32 0.41 - Min of Chi-a (µg/1) 0.26 0.28 0.29 0.37 0.34 0.28 0.33 0.33 0.24 0.26 0.24 
2 Average of Temp (°C) 11 .42 11.43 10.79 10.56 10.25 10.17 10.01 10.00 9.87 11.42 10.68 - Max of Temp (°C) 11 .43 11.45 11 .31 11 .12 10.74 10.60 10.66 10.72 10.57 11.43 11.45 - Min of Temp (°C) 11.40 11.42 10.22 10.15 9.94 9.96 9.57 9.34 8.90 11.40 8.90 - Average of Salinity (PSU) 34.71 34.70 34.05 33.92 34.04 33.95 34.02 34.14 34.08 34.71 34.30 - Max of Salinity (PSU) 34.72 34.71 34.59 34.49 34.43 34.38 34.52 34.42 34.49 34.72 34.72 - Min of Salinity (PSU) 34.71 34.60 33.19 33.36 33.46 33.50 33.66 33.84 33.61 34.71 33.19 - Average of Chi-a (µg/1) 0.23 0.23 0.30 0.33 0.30 0.32 0.31 0.30 0.32 0.23 0.28 - Max of Chi-a (µg/1) 0.23 0.24 0.34 0.36 0.38 0.39 0.35 0.37 0.41 0.23 0.41 - Min of Chi-a (µg/1) 0.23 0.17 0.27 0.29 0.25 0.27 0.26 0.27 0.28 0.23 0.17 
3 Average of Temp (°C) 11.43 11 .30 11 .14 10.40 10.23 10.10 10.00 9.99 9.81 10.13 10.46 - Max of Temp (°C) 11 .53 11 .32 11 .37 10.86 10.93 10.72 10.64 10.73 10.70 10.65 11 .53 - Min of Temp (°C) 11 .24 11 .28 10.82 10.21 9.88 9.80 9.63 9.34 9.12 9.76 9.12 - Average of Salinity (PSU) 34.72 34.66 34.50 34.03 34.09 33.98 34.00 34.08 34.07 34.04 34.23 - Max of Salinity (PSU) 34.78 34.66 34.67 34.45 34.52 34.43 34.48 34.40 34.42 34.38 34.78 - Min of Salinity (PSU) 34.61 34.65 34.14 33.80 33.58 33.55 33.58 33.66 33.71 33.61 33.55 - Average of Chi-a (µg/1) 0.28 0.29 0.30 0.34 0.32 0.31 0.31 0.28 0.33 0.29 0.30 - Max of Chi-a (µg/1) 0.29 0.29 0.31 0.36 0.39 0.41 0.38 0.35 0.52 0.37 0.52 - Min of Chi-a (µg/1) 0.28 0.29 0.29 0.32 0.28 0.24 0.25 0.24 0.26 0.25 0.24 
4 Average of Temp (°C) 11.41 11 .34 10.89 10.46 9.97 10.00 10.01 9.91 9.86 9.96 10.40 - Max of Temp (°C) 11 .45 11.46 11.12 10.86 10.75 10.80 10.62 10.68 10.67 10.65 11 .46 - Min of Temp (°C) 11 .38 11.21 10.75 10.21 9.72 9.66 9.61 9.45 9.46 9.55 9.45 - Average of Salinity (PSU) 34.74 34.67 34.32 34.09 33.98 33.97 34.04 34.01 34.00 34.00 34.20 - Max of Salinity (PSU) 34.76 34.75 34.50 34.35 34.49 34.53 34.42 34.42 34.44 34.36 34.76 - Min of Salinity (PSU) 34.71 34.59 34.17 33.92 33.72 33.62 33.65 33.66 33.71 33.66 33.62 - Average of Chi-a (µg/1) 0.28 0.29 0.30 0.33 0.32 0.28 0.30 0.28 0.31 0.31 0.30 - Max of Chi-a (µg/1) 0.28 0.29 0.30 0.34 0.35 0.31 0.37 0.32 0.36 0.36 0.37 - Min of Chi-a (µg/1) 0.27 0.28 0.29 0.32 0.26 0.23 0.24 0.23 0.23 0.26 0.23 
Total Average of Temp (°C) 11.41 11 .36 10.95 10.53 10.10 10.06 10.01 9.98 9.89 10.53 10.52 
Total Max of Temp (°C) 11 .53 11.46 11.41 11 .12 10.93 10.80 10.69 10.73 10.70 11.43 11 .53 
Total Min of Temp (°C) 11 .24 11 .21 10.22 10.15 9.67 9.59 9.57 9.34 8.90 9.55 8.90 
Total Average of Salinity (PSU) 34.72 34.68 34.29 34.05 34.04 34.00 34.04 34.08 34.06 34.28 34.26 
Total Max of Salinity (PSU) 34.78 34.75 34.72 34.49 34.52 34.53 34.62 34.43 34.54 34.72 34.78 
Total Min of Salinity (PSU) 34.61 34.59 33.19 33.36 33.46 33.50 33.58 33.65 33.61 33.61 33.19 
Total Average of Chi-a (µg/1) 0.26 0.27 0.30 0.35 0.32 0.30 0.32 0.30 0.31 0.28 0.30 
Total Max of Chi-a (µg/1) 0.29 0.29 0.34 0.41 0.39 0.41 0.38 0.37 0.52 0.37 0.52 
Total Min of Chi-a (µg/1) 0.23 0.17 0.27 0.29 0.25 0.23 0.24 0.23 0.23 0.23 0.17 
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Aug-99 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 11.23 11 .24 10.68 10.54 10.11 10.26 10.32 10.33 10.29 10.46 10.54 
- Max of Temp (°C) 11 .23 11.25 10.73 10.67 10.18 10.69 10.65 10.62 10.60 10.63 11.25 
- Min of Temp (0 C) 11.22 11 .24 10.65 10.48 10.08 10.01 10.15 10.12 10.08 10.21 10.01 
- Average of Salinity (PSU) 34.81 34.82 34.57 34.52 34.30 34.39 34.39 34.38 34.37 34.44 34.50 
- Max of Salinity (PSU) 34.81 34.82 34.59 34.62 34.34 34.58 34.53 34.51 34.53 34.53 34.82 
- Min of Salinity (PSU) 34.80 34.80 34.56 34.48 34.28 34.26 34.29 34.28 34.25 34.31 34.25 
- Average of Chi-a (µg/1) 0.35 0.31 0.39 0.34 0.40 0.37 0.36 0.38 0.44 0.33 0.37 
- Max of Chi-a (µg/1) 0.41 0.41 0.45 0.53 0.52 0.56 0.48 0.51 0.75 0.45 0.75 
- Min of Chi-a (µg/1)2 0.26 0.23 0.27 0.26 0.34 0.28 0.25 0.28 0.26 0.29 0.23 
2 Average of Temp (°C) 11.10 10.58 10.43 10.12 10.10 10.10 10.11 10.23 10.33 10.37 
- Max of Temp (°C) 11 .13 10.69 10.62 10.53 10.38 10.53 10.38 10.66 10.63 11 .13 
- Min of Temp (°C) 11 .07 10.54 10.27 10.01 10.03 10.01 10.03 9.95 10.14 9.95 
- Average of Salinity (PSU) 34.80 34.58 34.59 34.37 34.36 34.36 34.36 34.38 34.42 34.48 
- Max of Salinity (PSU) 34.81 34.64 34.66 34.65 34.52 34.65 34.52 34.55 34.55 34.81 
- Min of Salinity (PSU) 34.79 34.54 34.53 34.32 34.32 34.32 34.32 34.27 34.31 34.27 
- Average of Chi-a (µg/1) 0.25 0.26 0.29 0.41 0.34 0.41 0.34 0.38 0.35 0.34 
- Max of Chi-a (µg/1) 0.26 0.29 0.36 0.57 0.54 0.57 0.54 0.57 0.43 0.57 
- Min of Chi-a (µg/1)2 0.24 0.23 0.25 0.30 0.27 0.30 0.28 0.26 0.28 0.23 
3 Average of Temp (°C) 11 .05 10.99 10.74 10.40 10.03 10.10 10.14 10.33 10.19 10.30 10.46 
- Max of Temp (°C) 11 .06 11 .00 11 .01 10.47 10.42 10.30 10.64 10.63 10.36 10.63 11 .06 
-
Min of Temp (°C) 11 .02 10.97 10.53 10.36 9.91 9.97 9.90 10.21 10.09 10.14 9.90 
-
Average of Salinity (PSU) 34.80 34.78 34.67 34.50 34.36 34.39 34.39 34.43 34.40 34.42 34.53 
-
Max of Salinity (PSU) 34.81 34.79 34.79 34.55 34.60 34.50 34.66 34.58 34.51 34.53 34.81 
-
Min of Salinity (PSU) 34.80 . 34.78 34.56 34.45 34.30 34.32 34.30 34.35 34.36 34.36 34.30 
-
Average of Chi-a (µg/1) 0.25 0.25 0.25 0.29 0.48 0.37 0.47 0.36 0.36 0.36 0.34 
- Max of Chi-a (µg/1) 0.28 0.26 0.28 0.33 0.63 0.58 0.70 0.46 0.43 0.50 0.70 
-
Min of Chi-a (µg/1)2 0.24 0.24 0.24 0.25 0.29 0.28 0.26 0.29 0.30 0.29 0.24 
4 Average of Temp (°C) 10.99 10.85 10.66 10.46 10.11 10.10 . 10.18 10.28 10.23 10.20 10.43 
- Max of Temp (°C) 11.00 10.87 10.96 10.55 10.30 10.28 10.27 10.30 10.44 10.22 11 .00 
- Min of Temp (°C) 10.97 10.84 10.25 10.40 9.97 10.05 10.14 10.26 10.18 10.19 9.97 
-
Average of Salinity (PSU) 34.81 34.77 34.69 34.50 34.40 34.39 34.40 34.42 34.41 34.42 34.53 
- Max of Salinity (PSU) 34.82 34.77 34.84 34.54 34.47 34.51 34.44 34.44 34.54 34.43 34.84 
-
Min of Salinity (PSU) 34.79 34.75 34.46 34.48 34.33 34.36 34.38 34.41 34.39 34.41 34.33 
- Average of Chi-a (µg/1) 0.26 0.27 0.25 0.29 0.46 0.40 0.39 0.32 0.32 0.27 0.32 - Max of Chi-a (µg/1) 0.27 0.28 0.28 0.37 0.68 0.49 0.51 0.43 0.42 0.37 0.68 
- Min of Chi-a (µg/1)2 0.25 0.25 0.23 0.26 0.33 0.29 0.32 0.26 0.22 0.19 0.19 
Total Average ofTemp (°C) 11 .08 11 .04 10.66 10.46 10.09 10.15 10.18 10.27 10.23 10.32 10.45 
Total Max of Temp (°C) 11 .23 11 .25 11 .01 10.67 10.53 10.69 10.65 10.63 10.66 10.63 11 .25 
Total Min of Temp (°C) 10.97 10.84 10.25 10.27 9.91 9.97 9.90 10.03 9.95 10.14 9.90 
Total Average of Salinity (PSU) 34.81 34.79 34.63 34.53 34.35 34.38 34.38 34.40 34.39 34.43 34.51 
Total Max of Salinity (PSU) 34.82 34.82 34.84 34.66 34.65 34.58 34.66 34.58 34.55 34.55 34.84 
Total Min of Salinity (PSU) 34.79 34.75 34.46 34.45 34.28 34.26 34.29 34.28 34.25 34.31 34.25 
Total Average of Chi-a (µg/1) 0.28 0.27 0.28 0.30 0.44 0.37 0.41 0.35 0.38 0.32 0.34 
Total Max of Chi-a (µg/1) 0.41 0.41 0.45 0.53 0.68 0.58 0.70 0.54 0.75 0.50 0.75 
Total Min of Chi-a (µg/1)2 0.24 0.23 0.23 0.25 0.29 0.27 0.25 0.26 0.22 0.19 0.19 
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Sep-99 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 10.98 10.97 10.70 10.69 10.68 10.73 10.62 10.67 10.67 10.69 10.76 - Max of Temp (°C) 10.99 10.99 10.94 10.94 10.93 10.94 10.79 10.82 10.80 10.91 10.99 - Min of Temp (°C) 10.97 10.95 10.64 10.62 10.53 10.53 10.47 10.49 10.51 10.54 10.47 - Average of Salinity (PSU) 34.73 34.72 34.02 34.08 34.20 34.23 34.22 34.30 34.26 34.21 34.34 - Max of Salinity (PSU) 34.74 34.73 34.49 34.53 34.64 34.58 34.58 34.52 34.51 34.55 34.74 - Min of Salinity (PSU) 34.72 34.70 33.86 33.93 33.83 33.79 33.85 33.91 33.90 33.83 33.79 - Average of Chi-a (µg/1) 0.23 0.25 0.36 0.35 0.32 0.31 0.60 0.32 0.32 0.36 0.33 - Max of Chi-a (µg/1) 0.25 0.28 0.43 0.40 0.53 0.52 1.33 0.55 0.53 0.62 1.33 - Min of Chi-a (µg/1) 0.19 0.23 0.23 0.25 0.16 0.22 0.20 0.14 0.14 0.19 0.14 
2 Average of Temp (°C) 10.94 10.92 10.65 10.51 10.58 10.61 10.62 10.49 10.46 10.62 10.66 - Max of Temp (°C) 11 .00 10.98 10.86 10.81 10.89 10.91 10.89 10.86 10.83 10.83 11 .00 - Min of Temp (°C) 10.84 10.85 10.44 10.38 10.29 10.22 10.36 10.24 10.28 10.34 10.22 - Average of Salinity (PSU) 34.72 34.70 34.25 34.12 34.27 34.26 34.31 34.29 34.33 33.78 34.33 - Max of Salinity (PSU) 34.78 34.74 34.56 34.42 34.54 34.53 34.57 34.53 34.52 34.52 34.78 - Min of Salinity (PSU) 34.63 34.64 33.85 33.94 34.01 33.93 34.04 34.08 34.19 27.06 27.06 - Average of Chi-a (µg/1) 0.16 0.16 0.22 0.30 0.28 0.25 0.34 0.34 0.42 0.53 0.29 - Max of Chi-a (µg/1) 0.17 0.18 0.25 0.34 0.37 0.34 0.52 0.53 0.63 0.92 0.92 - Min of Chi-a (µg/1) 0.15 0.14 0.18 0.23 0.17 0.16 0.17 0.14 0.17 0.23 0.14 
3 Average of Temp (°C) 10.99 10.96 10.73 10.57 10.65 10.66 10.67 10.62 10.59 10.73 10.74 - Max of Temp (°C) 11 .02 11 .00 10.86 10.58 10.85 10.87 10.88 10.82 10.77 10.85 11.02 - Min of Temp (°C) 10.95 10.89 10.65 10.55 10.53 10.51 10.47 10.47 10.48 10.52 10.47 - Average of Salinity (PSU) 34.38 34.72 33.74 34.17 34.26 34.29 34.34 34.34 34.31 34.30 34.32 - Max of Salinity (PSU) 34.79 34.77 34.60 34.19 34.50 34.49 34.54 34.50 34.48 34.47 34.79 - Min of Salinity (PSU) 28.33 34.64 29.05 34.14 34.05 34.11 34.14 34.16 34.19 34.10 28.33 - Average of Chi-a (µg/1) 0.17 0.17 0.25 0.46 0.40 0.34 0.50 0.38 0.38 0.44 0.34 - Max of Chi-a (µg/1) 0.19 0.18 0.30 0.48 0.57 0.46 0.82 0.53 0.49 0.92 0.92 - Min of Chi-a (µg/1) 0.16 0.15 0.22 0.41 0.16 0.19 0.22 0.19 0.24 0.14 0.14 
4 Average of Temp (°C) 11 .00 10.98 10.67 10.59 10.62 10.62 10.63 10.66 10.69 10.69 10.74 - Max of Temp (°C) 11 .01 11 .01 10.76 10.61 10.85 10.86 10.82 10.85 10.83 10.87 11 .01 - Min of Temp (°C) 10.98 10.91 10.61 10.59 10.55 10.55 10.58 10.56 10.58 10.61 10.55 - Average of Salinity (PSU) 34.80 34.78 34.32 34.25 34.29 34.28 34.31 34.36 34.39 34.33 34.44 - Max of Salinity (PSU) 34.81 34.82 34.47 34.27 34.52 34.51 34.51 34.51 34.52 34.49 34.82 - Min of Salinity (PSU) 34.80 34.71 34.19 34.23 34.21 34.15 34.25 34.29 34.27 34.24 34.15 - Average of Chi-a (µg/1) 0.17 0.17 0.31 0.44 0.50 0.48 0.45 0.48 0.46 0.39 0.37 - Max of Chi-a (µg/1) 0.48 0.19 0.38 0.50 0.68 0.61 0.56 0.59 0.63 0.56 0.68 - Min of Chi-a (µg/1) 0.15 0.16 0.20 0.36 0.19 0.22 0.29 0.32 0.25 0.22 0.15 
Total Average of Temp (°C) 10.98 10.96 10.69 10.59 10.64 10.66 10.63 10.61 10.60 10.68 10.72 
Total Max of Temp (°C) 11.02 11 .01 10.94 10.94 10.93 10.94 10.89 10.86 10.83 10.91 11 .02 
Total Min of Temp (°C) 10.84 10.85 10.44 10.38 10.29 10.22 10.36 10.24 10.28 10.34 10.22 
Total Average of Salinity (PSU) 34.66 34.73 34.08 34.15 34.25 34.26 34.29 34.32 34.32 34.15 34.36 
Total Max of Salinity (PSU) 34.81 34.82 34.60 34.53 34.64 34.58 34.58 34.53 34.52 34.55 34.82 
Total Min of Salinity (PSU) 28.33 34.64 29.05 33.93 33.83 33.79 33.85 33.91 33.90 27.06 27.06 
Total Average of Chi-a (µg/1) 0.18 0.19 0.29 0.38 0.37 0.34 0.47 0.38 0.39 0.43 0.33 
Total Max of Chi-a (µg/1) 0.48 0.28 0.43 0.50 0.68 0.61 1.33 0.59 0.63 0.92 1.33 
Total Min of Chi-a (µg/1) 0.15 0.14 0.18 0.23 0.16 0.16 0.17 0.14 0.14 0.14 0.14 
Appendix B Pivot tables of CTD data for each month 110 
Oct-99 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 12.11 12.12 12.15 12.21 12.16 12.18 12.21 12.21 12.23 12.18 12.18 - Max of Temp (°C) 12.12 12.17 12.19 12.21 12.27 12.30 12.31 12.28 12.31 12.29 12.31 - Min of Temp (°C) 12.10 12.10 12.12 12.20 11 .83 11 .94 11 .97 11 .96 11 .99 11 .92 11.83 
-
Average of Salinity (PSU) 34.84 34.64 34.23 34.35 34.32 34.35 34.30 34.29 34.29 34.31 34.41 
-
Max of Salinity (PSU) 34.90 34.89 34.54 34.44 34.54 34.53 34.50 34.50 34.48 34.52 34.90 
- Min of Salinity (PSU) 33.97 33.96 33.91 34.33 34.24 34.25 34.23 34.21 34.20 34.23 33.91 - Average of Chi-a (µg/1) 0.30 0.33 0.37 0.60 0.87 0.62 0.87 0.63 0.75 0.71 0.60 - Max of Chi-a (µg/1) 0.37 0.36 0.44 0.70 1.28 0.87 1.22 0.92 1.00 0.88 1.28 - Min of Chi-a (µg/1) 0.21 0.28 0.26 0.53 0.41 0.35 0.44 0.34 0.60 0.49 0.21 
2 Average of Temp (°C) 12.18 12.20 12.31 12.33 12.34 12.33 12.35 12.34 12.33 12.34 12.30 - Max of Temp (°C) 12.18 12.21 12.34 12.38 12.48 12.50 12.52 12.55 12.53 12.61 12.61 - Min of Temp (°C) 12.18 12.20 12.27 12.26 11.92 12.05 11 .91 11 .84 11 .90 11 .96 11.84 - Average of Salinity (PSU) 34.91 34.92 34.53 34.47 34.32 34.33 34.29 34.27 34.28 34.30 34.49 - Max of Salinity (PSU) 34.92 34.92 34.64 34.64 34.53 34.52 34.54 34.53 34.52 34.51 34.92 - Min of Salinity (PSU) 34.89 34.91 34.46 34.29 34.25 34.23 34.20 34.15 34.15 34.15 34.15 - Average of Chi-a (µg/1) 0.39 0.40 0.56 0.76 1.03 0.73 1.24 1.07 1.01 0.89 0.79 - Max of Chi-a (µg/1) 0.42 0.43 0.61 1.05 1.46 0.97 1.70 1.66 1.63 1.25 1.70 - Min of Chi-a (µg/1) 0.36 0.38 0.45 0.50 0.50 0.37 0.69 0.56 0.59 0.49 0.36 
3 Average of Temp (°C) 12.26 12.32 12.50 12.60 12.47 12.42 12.51 12.33 12.32 12.39 12.40 - Max of Temp (°C) 12.26 12.37 12.51 12.61 12.65 12.54 12.62 12.56 12.65 12.47 12.65 - Min of Temp (°C) 12.25 12.27 12.47 12.57 12.01 12.17 12.14 11 .90 12.03 12.28 11 .90 - Average of Salinity (PSU) 34.89 34.88 34.38 34.35 34.35 34.34 34.35 34.33 34.34 34.38 34.49 - Max of Salinity (PSU) 34.90 34.91 34.52 34.39 34.68 34.56 34.59 34.54 34.48 34.55 34.91 - Min of Salinity (PSU) 34.89 34.84 34.31 34.33 34.15 34.25 34.25 34.20 34.19 34.27 34.15 - Average of Chi-a (µg/1) 0.39 0.47 0.59 0.90 0.87 0.93 0.88 0.99 0.86 1.02 0.77 - Max of Chi-a (µg/1) 0.42 0.53 0.65 1.02 1.22 1.28 1.14 1.31 1.18 1.34 1.34 - Min of Chi-a (µg/1) 0.39 0.38 0.54 0.74 0.47 0.61 0.59 0.65 0.66 0.73 0.38 
4 Average of Temp (°C) 12.50 12.54 12.65 12.67 12.63 12.71 12.55 12.58 12.57 12.62 12.59 - Max of Temp (°C) 12.55 12.55 12.69 12.70 12.87 12.91 12.78 12.73 12.81 12.77 12.91 - Min of Temp (°C) 12.47 12.52 12.62 12.62 12.04 12.38 11 .92 12.24 12.25 12.35 11 .92 - Average of Salinity (PSU) 34.82 34.80 34.44 34.37 34.34 34.35 34.34 34.36 34.34 34.34 34.48 - Max of Salinity (PSU) 34.83 34.81 34.47 34.46 34.52 34.55 34.54 34.56 34.44 34.54 34.83 - Min of Salinity (PSU) 34.81 34.80 34.39 34.30 34.18 34.21 34.28 34.26 34.26 34.24 34.18 - Average of Chi-a (µg/1) 0.45 0.55 0.71 0.77 0.98 0.73 1.01 1.00 1.08 1.01 0.81 - Max of Chi-a (µg/1) 0.49 0.62 0.74 0.85 1.12 0.84 1.13 1.13 1.48 1.15 1.48 - Min of Chi-a (µg/1) 0.41 0.47 0.68 0.66 0.79 0.66 0.76 0.80 0.65 0.89 0.41 
Total Average of Temp (°C) 12.27 12.30 12.38 12.45 12.39 12.41 12.40 12.36 12.35 12.39 12.36 
Total Max of Temp (°C) 12.55 12.55 12.69 12.70 12.87 12.91 12.78 12.73 12.81 12.77 12.91 
Total Min of Temp (°C) 12.10 12.10 12.12 12.20 11.83 11.94 11 .91 11.84 11.90 11.92 11 .83 
Total Average of Salinity (PSU) 34.87 34.81 34.38 34.38 34.33 34.35 34.32 34.31 34.31 34.33 34.47 
Total Max of Salinity (PSU) 34.92 34.92 34.64 34.64 34.68 34.56 34.59 34.56 34.52 34.55 34.92 
Total Min of Salinity (PSU) 33.97 33.96 33.91 34.29 34.15 34.21 34.20 34.15 34.15 34.15 33.91 
Total Average of Chi-a (µg/1) 0.38 0.44 0.54 0.75 0.94 0.75 1.00 0.91 0.91 0.91 0.74 
Total Max of Chi-a (µg/1) 0.49 0.62 0.74 1.05 1.46 1.28 1.70 1.66 1.63 1.34 1.70 
Total Min of Chi-a (µg/1) 0.21 0.28 0.26 0.50 0.41 0.35 0.44 0.34 0.59 0.49 0.21 
AppendixB Pivot tables of CTD data for each month 111 
Nov-99 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 12.84 12.84 12.87 13.12 13.23 13.21 13.18 13.17 13.19 13.30 13.09 
Max of Temp (0 C) 12.90 12.87 13.00 13.27 13.32 13.34 13.36 13.39 13.36 13.60 13.60 
Min of Temp (0 C) 12.74 12.80 12.71 12.86 13.00 12.89 12.88 12.89 12.91 12.88 12.71 
Average of Salinity (PSU) 34.82 34.81 34.67 34.48 34.52 34.51 34.55 34.57 34.57 34.52 34.61 
Max of Salinity (PSU) 34.84 34.82 34.83 34.69 34.66 34.68 34.70 34.69 34.70 34.68 34.84 
Min of Salinity (PSU) 34.81 34.79 34.54 34.36 34.43 34.43 34.45 34.45 34.44 34.39 34.36 
Average of Chi-a (µg/1) 0.53 0.55 0.68 0.48 0.45 0.43 0.36 0.37 0.40 0.31 0.45 
Max of Chi-a (µg/1) 0.64 0.61 0.77 0.53 0.50 0.53 0.40 0.59 0.68 0.35 0.77 
Min of Chi-a (µg/1) 0.37 0.42 0.53 0.41 0.39 0.35 0.34 0.23 0.24 0.26 0.23 
2 Average of Temp (°C) 13.07 13.12 13.06 13.20 13.39 13.40 13.35 13.29 13.27 13.40 13.25 
Max of Temp (°C) 13.08 13.12 13.17 13.28 13.54 13.64 13.55 13.53 13.53 13.65 13.65 
Min of Temp (°C) 13.07 13.11 12.86 13.00 12.97 12.96 12.93 12.89 12.91 12.93 12.86 
Average of Salinity (PSU) 34.80 34.76 34.51 34.44 34.42 34.43 34.42 34.48 34.36 34.39 34.53 
Max of Salinity (PSU) 34.80 34.77 34.74 34.63 34.66 34.66 34.67 34.68 34.70 34.66 34.80 
Min of Salinity (PSU) 34.80 34.76 34.36 34.30 34.32 34.29 34.21 34.20 33.64 34.09 33.64 
Average of Chi-a (µg/1) 0.32 0.34 0.54 0.47 0.43 0.36 0.29 0.30 0.39 0.32 0.37 
Max of Chi-a (µg/1) 0.34 0.37 0.59 0.49 0.47 0.45 0.30 0.33 0.49 0.34 0.59 
Min of Chi-a (µg/1) 0.31 0.32 0.49 0.44 0.35 0.29 0.26 0.28 0.35 0.29 0.26 
3 Average of Temp (°C) 13.05 13.05 13.03 13.10 13.17 13.37 13.30 13.33 13.31 13.35 13.20 
Max of Temp (°C) 13.09 13.13 13.11 13.27 13.55 13.61 13.63 13.61 13.57 13.72 13.72 
Min of Temp (°C) 13.01 12.91 12.94 12.98 12.44 12.99 12.89 12.93 12.95 12.92 12.44 
Average of Salinity (PSU) 34.69 34.71 34.40 34.35 34.01 34.38 34.28 34.32 34.26 34.44 34.40 
Max of Salinity (PSU) 34.76 34.76 34.69 34.66 34.66 34.65 34.70 34.69 34.69 34.68 34.76 
Min of Salinity (PSU) 34.51 34.67 34.00 33.87 31 .19 33.94 32.96 33.29 32.76 33.97 31.19 
Average of Chi-a (µg/1) 0.41 0.43 0.48 0.49 0.47 0.43 0.34 0.36 0.42 0.35 0.42 
Max of Chi-a (µg/1) 0.48 0.52 0.51 0.52 0.67 0.48 0.45 0.45 0.52 0.38 0.67 
Min of Chi-a (µg/1) 0.36 0.37 0.44 0.45 0.33 0.33 0.29 0.31 0.36 0.32 0.29 
4 Average of Temp (°C) 12.73 12.78 12.82 12.81 13.00 13.10 13.19 13.11 13.13 13.27 12.99 
Max of Temp (°C) 12.75 12.83 12.83 12.96 13.44 13.50 13.54 13.57 13.57 13.58 13.58 
Min of Temp (0 C) 12.69 12.73 12.80 12.47 12.40 12.78 12.96 12.68 12.63 12.93 12.40 
Average of Salinity (PSU) 34.75 34.70 34.51 34.04 34.26 34.29 34.32 34.29 34.18 34.43 34.41 
Max of Salinity (PSU) 34.78 34.79 34.62 34.59 34.69 34.65 34.66 34.69 34.68 34.67 34.79 
Min of Salinity (PSU) 34.68 34.63 34.40 32.55 33.02 33.45 33.53 33.21 32.55 34.07 32.55 
Average of Chi-a (µg/1) 0.53 0.54 0.50 0.48 0.40 0.40 0.39 0.40 0.40 0.38 0.45 
Max of Chi-a (µg/1) 0.58 0.59 0.52 0.65 0.51 0.50 0.51 0.57 0.66 0.44 0.66 
Min of Chi-a (µg/1) 0.49 0.50 0.49 0.37 0.32 0.30 0.29 0.31 0.31 0.34 0.29 
Total Average of Temp (°C) 12.93 12.94 12.94 13.06 13.20 13.26 13.25 13.22 13.22 13.33 13.13 
Total Max of Temp (°C) 13.09 13.13 13.17 13.28 13.55 13.64 13.63 13.61 13.57 13.72 13.72 
Total Min of Temp (0 C) 12.69 12.73 12.71 12.47 12.40 12.78 12.88 12.68 12.63 12.88 12.40 
Total Average of Salinity (PSU) 34.77 34.75 34.52 34.33 34.30 34.41 34.39 34.42 34.35 34.45 34.49 
Total Max of Salinity (PSU) 34.84 34.82 34.83 34.69 34.69 34.68 34.70 34.69 34.70 34.68 34.84 
Total Min of Salinity (PSU) 34.51 34.63 34.00 32.55 31 .19 33.45 32.96 33.21 32.55 33.97 31.19 
Total Average of Chi-a (µg/1) 0.45 0.47 0.55 0.48 0.44 0.41 0.35 0.36 0.40 0.34 0.42 
Total Max of Chi-a (µg/1) 0.64 0.61 0.77 0.65 0.67 0.53 0.51 0.59 0.68 0.44 0.77 
Total Min of Chi-a (µg/1) 0.31 0.32 0.44 0.37 0.32 0.29 0.26 0.23 0.24 0.26 0.23 
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Dec-99 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 13.25 13.38 13.89 14.23 14.33 14.31 14.30 14.26 14.29 14.31 13.99 - Max of Temp (°C) 13.30 13.47 13.97 14.38 14.47 14.46 14.45 14.41 14.44 14.44 14.47 - Min of Temp (°C) 13.22 13.25 13.79 13.96 14.00 14.06 13.84 13.92 14.03 13.97 13.22 - Average of Salinity (PSU) 34.70 34.66 34.44 34.44 34.43 34.43 34.42 34.43 34.43 34.42 34.50 - Max of Salinity (PSU) 34.71 34.70 34.53 34.51 34.50 34.49 34.49 34.49 34.47 34.48 34.71 - Min of Salinity (PSU) 34.68 34.62 34.37 34.34 34.40 34.38 34.34 34.35 34.39 34.35 34.34 - Average of Chi-a (µg/1) 0.99 0.96 0.90 0.90 0.97 0.99 1.18 1.11 1.40 1.14 1.06 - Max of Chi-a (µg/1) 1.12 1.06 0.92 0.97 1.11 1.27 1.89 1.40 2.17 1.79 2.17 - Min of Chi-a (µg/1) 0.76 0.77 0.86 0.76 0.78 0.75 0.79 0.70 0.84 0.57 0.57 
2 Average of Temp (°C) 13.20 13.40 13.82 14.13 14.25 14.36 14.31 14.12 14.17 14.25 13.94 - Max of Temp (°C) 13.32 13.62 13.83 14.18 14.34 14.44 14.39 14.22 14.28 14.35 14.44 - Min of Temp (°C) 13.10 13.12 13.81 13.97 13.94 14.10 13.93 13.90 13.89 14.04 13.10 - Average of Salinity (PSU) 34.68 34.59 34.38 34.43 34.43 34.42 34.43 34.43 34.43 34.43 34.48 - Max of Salinity (PSU) 34.72 34.72 34.39 34.47 34.50 34.49 34.50 34.49 34.49 34.49 34.72 - Min of Salinity (PSU) 34.64 34.47 34.38 34.40 34.40 34.33 34.37 34.38 34.35 34.38 34.33 - Average of Chi-a (µg/1) 1.05 1.07 1.01 0.91 0.91 0.90 1.00 1.28 1.12 1.04 1.03 - Max of Chi-a (µg/1) 1.11 1.15 1.03 0.94 0.96 0.99 1.34 1.45 1.64 1.27 1.64 - Min of Chi-a (µg/1) 0.96 0.96 0.98 0.88 0.84 0.85 0.85 1.14 0.81 0.80 0.80 
3 Average of Temp (°C) 13.15 13.03 13.77 13.93 14.16 14.21 14.19 14.12 14.14 14.17 13.82 
- Max of Temp (°C) 13.22 13.04 13.81 14.13 14.25 14.29 14.25 14.20 14.22 14.22 14.29 
- Min of Temp (°C) 13.07 13.02 13.72 13.70 13.88 13.98 13.84 13.86 13.94 14.02 13.02 
- Average of Salinity (PSU) 34.69 34.72 34.35 34.46 34.44 34.44 34.43 34.43 34.43 34.45 34.51 
- Max of Salinity (PSU) 34.72 34.72 34.43 34.51 34.51 34.50 34.51 34.49 34.49 34.49 34.72 
- Min of Salinity (PSU) 34.66 34.71 34.28 34.38 34.40 34.42 34.36 34.40 34.38 34.41 34.28 
- Average of Chi-a (µg/1) 0.87 0.95 0.92 0.82 0.96 0.90 0.97 1.33 1.04 1.04 0.98 
- Max of Chi-a (µg/1) 0.94 1.01 0.95 0.97 1.16 0.98 1.13 1.61 1.40 1.19 1.61 
- Min of Chi-a (µg/1) 0.73 0.83 0.87 0.61 0.76 0.70 0.83 1.14 0.64 0.88 0.61 
4 Average of Temp (°C) 13.07 13.21 13.60 13.80 14.08 14.10 14.12 14.01 13.97 14.07 13.75 - Max of Temp (°C) 13.10 13.58 13.63 13.93 14.16 14.16 14.17 14.03 14.01 14.11 14.17 --- Min ofTemp (°C) 13.03 13.02 13.57 13.51 13.79 13.90 13.84 13.92 13.92 13.94 13.02 - Average of Salinity (PSU) 34.71 34.60 34.48 34.47 34.45 34.46 34.44 34.45 34.43 34.46 34.51 - Max of Salinity (PSU) 34.74 34.73 34.52 34.56 34.53 34.50 34.51 34.51 34.49 34.49 34.74 --- Min of Salinity (PSU) 34.70 34.31 34.36 34.39 34.37 34.42 34.36 34.43 34.40 34.45 34.31 - Average of Chi-a (µg/1) 0.81 0.97 0.92 0.87 1.00 0.97 1.13 1.32 1.24 1.12 1.03 - Max of Chi-a (µg/1) 0.83 0.98 0.94 0.94 1.30 1.55 1.25 1.62 1.49 1.22 1.62 --- Min of Chi-a (µg/1) 0.79 0.95 0.87 0.73 0.74 0.57 0.87 0.84 0.96 1.02 0.57 
Total Average of Temp (°C) 13.17 13.25 13.77 14.03 14.20 14.25 14.23 14.13 14.15 14.20 13.88 
Total Max of Temp (°C) 13.32 13.62 13.97 14.38 14.47 14.46 14.45 14.41 14.44 14.44 14.47 
Total Min of Temp (°C) 13.03 13.02 13.57 13.51 13.79 13.90 13.84 13.86 13.89 13.94 13.02 
Total Average of Salinity (PSU) 34.70 34.64 34.41 34.45 34.44 34.44 34.43 34.44 34.43 34.44 34.50 
Total Max of Salinity (PSU) 34.74 34.73 34.53 34.56 34.53 34.50 34.51 34.51 34.49 34.49 34.74 
Total Min of Salinity (PSU) 34.64 34.31 34.28 34.34 34.37 34.33 34.34 34.35 34.35 34.35 34.28 
Total Average of Chi-a (µg/1) 0.93 0.99 0.94 0.88 0.96 0.94 1.07 1.26 1.20 1.08 1.02 
Total Max of Chi-a (µg/1) 1.12 1.15 1.03 0.97 1.30 1.55 1.89 1.62 2.17 1.79 2.17 
Total Min of Chi-a (µg/1) 0.73 0.77 0.86 0.61 0.74 0.57 0.79 0.70 0.64 0.57 0.57 
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Jan-00 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 13.31 13.35 14.01 14.60 14.85 14.79 14.87 14.87 14.88 14.88 14.32 
Max of Temp (°C) 13.36 13.52 14.16 14.91 15.34 15.28 15.32 15.31 15.26 15.56 15.56 
Min of Temp (°C) 13.28 13.31 13.74 14.34 14.34 14.35 14.36 14.34 14.32 14.42 13.28 
Average of Salinity (PSU) 34.75 34.79 34.64 34.54 34.55 34.57 34.56 34.55 34.54 34.55 34.62 
Max of Salinity (PSU) 34.82 34.81 34.73 34.61 34.71 34.73 34.73 34.72 34.74 34.73 34.82 
Min of Salinity (PSU)2 33.82 34.69 34.54 34.46 34.41 34.42 34.35 34.30 34.27 34.23 33.82 
Average of Chi-a (µg/1) 2.60 2.28 2.24 2.16 2.00 1.83 1.98 1.96 1.98 1.81 2.12 
Max of Chi-a (µg/1) 2.79 2.42 2.29 2.25 2.24 2.09 2.36 2.13 2.40 1.96 2.79 
Min of Chi-a (µg/1) 2.34 2.17 2.15 2.10 1.84 1.57 1.53 1.68 1.49 1.57 1.49 
2 Average of Temp (°C) 13.47 13.46 13.82 14.33 14.59 14.58 14.60 14.59 14.68 14.59 14.18 
Max of Temp (°C) 13.48 13.47 13.90 14.81 14.99 14.98 15.02 14.92 15.00 14.86 15.02 
Min of Temp (°C) 13.44 13.46 13.79 13.97 14.07 14.05 14.27 14.36 14.38 14.37 13.44 
Average of Salinity (PSU) 34.77 34.76 34.68 34.56 34.56 34.58 34.58 34.57 34.55 34.64 34.64 
Max of Salinity (PSU) 34.77 34.76 34.71 34.66 34.69 34.70 34.73 34.72 34.72 34.73 34.77 
Min of Salinity (PSU)2 34.76 34.76 34.61 34.39 34.43 34.50 34.37 34.24 34.28 34.54 34.24 
Average of Chi-a (µg/1) 2.08 2.11 1.94 1.85 2.15 1.69 2.11 1.91 1.90 1.95 1.98 
Max of Chi-a (µg/1) 2.21 2.24 2.00 2.05 2.82 1.97 2.75 1.95 2.07 2.44 2.82 
Min of Chi-a (µg/1) 1.98 2.01 1.83 1.49 1.33 1.36 1.58 1.85 1.77 1.36 1.33 
3 Average of Temp (°C) 13.45 13.47 13.67 14.21 14.42 14.38 14.50 14.58 14.61 14.54 14.12 
Max of Temp (°C) 13.49 13.49 13.88 14.45 14.73 14.67 14.85 14.90 14.89 14.86 14.90 
Min of Temp (°C) 13.42 13.47 13.38 13.96 13.92 14.00 14.02 14.26 14.30 14.19 13.38 
Average of Salinity (PSU) 34.77 34.77 34.69 34.56 34.55 34.60 34.58 34.61 34.58 34.64 34.65 
Max of Salinity (PSU) 34.78 34.77 34.78 34.64 34.69 34.67 34.68 34.73 34.72 34.72 34.78 
Min of Salinity (PSU)2 34.76 34.76 34.61 34.45 34.37 34.54 34.46 34.42 34.35 34.54 34.35 
Average of Chi-a (µg/1) 2.16 2.16 1.97 2.02 2.09 1.92 1.96 2.37 1.98 2.11 2.09 
Max of Chi-a (µg/1) 2.28 2.32 2.10 2.20 2.54 2.36 2.52 3.45 2.71 3.00 3.45 
Min of Chi-a (µg/1) 2.03 1.79 1.84 1.77 1.80 1.50 1.37 1.48 1.39 1.28 1.28 
4 Average of Temp (°C) 13.55 13.59 13.73 14.10 14.68 14.59 14.59 14.68 14.69 14.59 14.23 
Max of Temp (°C) 13.58 13.62 14.17 14.21 14.94 15.12 15.05 15.15 15.18 15.11 15.18 
Min of Temp (°C) 13.49 13.56 13.48 13.97 14.08 14.05 13.97 14.25 14.27 14.07 13.48 
Average of Salinity (PSU) 34.77 34.76 34.64 34.56 34.58 34.59 34.60 34.61 34.62 34.59 34.65 
Max of Salinity (PSU) 34.78 34.77 34.77 34.63 34.66 34.67 34.70 34.72 34.72 34.68 34.78 
Min of Salinity (PSU)2 34.75 34.75 34.37 34.50 34.52 34.44 34.52 34.44 34.46 34.50 34.37 
Average of Chi-a (µg/1) 2.28 2.30 2.16 2.11 1.96 2.01 2.21 2.48 2.99 2.18 2.28 
Max of Chi-a (µg/1) 2.44 2.43 2.24 2.28 2.33 2.39 2.86 4.04 5.32 2.79 5.32 
Min of Chi-a (µg/1) 2.12 2.18 2.09 1.89 1.67 1.59 1.64 1.40 1.63 1.65 1.40 
Total Average of Temp (°C) 13.45 13.47 13.81 14.31 14.64 14.58 14.63 14.67 14.71 14.65 14.22 
Total Max of Temp (°C) 13.58 13.62 14.17 14.91 15.34 15.28 15.32 15.31 15.26 15.56 15.56 
Total Min of Temp (°C) 13.28 13.31 13.38 13.96 13.92 14.00 13.97 14.25 14.27 14.07 13.28 
Total Average of Salinity (PSU) 34.77 34.77 34.66 34.56 34.56 34.59 34.58 34.59 34.58 34.61 34.64 
Total Max of Salinity (PSU) 34.82 34.81 34.78 34.66 34.71 34.73 34.73 34.73 34.74 34.73 34.82 
Total Min of Salinity (PSU)2 33.82 34.69 34.37 34.39 34.37 34.42 34.35 34.24 34.27 34.23 33.82 
Total Average of Chi-a (µg/1) 2.27 2.22 2.08 2.04 2.05 1.86 2.07 2.19 2.25 2.02 2.12 
Total Max of Chi-a (µg/1) 2.79 2.43 2.29 2.28 2.82 2.39 2.86 4.04 5.32 3.00 5.32 
Total Min of Chi-a (µg/1) 1.98 1.79 1.83 1.49 1.33 1.36 1.37 1.40 1.39 1.28 1.28 
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Feb-00 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 14.06 14.11 14.57 14.71 14.67 14.70 14.65 14.57 14.59 14.57 14.48 - Max of Temp (°C) 14.10 14.25 14.67 14.91 14.87 14.94 14.76 14.65 14.72 14.75 14.94 - Min of Temp (°C) 14.03 14.03 14.44 14.50 14.19 14.38 14.34 14.32 14.38 14.32 14.03 - Average of Salinity (PSU) 34.75 34.72 34.48 34.43 34.37 34.36 34.36 34.36 34.36 34.36 34.48 - Max of Salinity (PSU) 34.76 34.76 34.55 34.53 34.51 34.44 34.46 34.43 34.41 34.42 34.76 - Min of Salinity (PSU) 34.73 34.63 34.43 34.31 34.25 34.28 34.30 34.32 34.33 34.32 34.25 - Average of Chi-a (µg/1) 0.45 0.52 0.86 0.98 1.00 0.95 1.06 0.93 0.91 0.88 0.82 - Max of Chi-a (µg/1) 0.47 0.63 1.00 1.24 1.35 1.12 1.34 1.01 0.98 1.00 1.35 - Min of Chi-a (µg/1) 0.44 0.44 0.71 0.77 0.50 0.70 0.60 0.83 0.82 0.72 0.44 
2 Average of Temp (°C) 13.95 13.88 14.27 14.41 14.56 14.58 14.53 14.33 14.34 14.46 14.29 - Max of Temp (°C) 13.96 13.89 14.29 14.50 14.59 14.60 14.58 14.35 14.37 14.48 14.60 - Min of Temp (°C) 13.93 13.86 14.24 14.26 14.44 14.56 14.36 14.27 14.27 14.41 13.86 - Average of Salinity (PSU) 34.77 34.78 34.56 34.47 34.42 34.41 34.41 34.39 34.40 34.40 34.53 - Max of Salinity (PSU) 34.77 34.78 34.58 34.55 34.51 34.48 34.47 34.45 34.45 34.44 34.78 - Min of Salinity (PSU) 34.77 34.78 34.52 34.41 34.40 34.35 34.39 34.38 34.37 34.38 34.35 - Average of Chi-a (µg/1) 0.37 0.36 0.65 0.93 1.20 1.12 1.16 1.26 1.33 1.03 0.89 - Max of Chi-a (µg/1) 0.40 0.37 0.72 1.11 1.46 1.31 1.39 1.63 1.71 1.17 1.71 - Min of Chi-a (µg/1) 0.34 0.36 0.60 0.74 0.69 0.88 0.66 0.68 0.72 0.77 0.34 
3 Average of Temp (°C) 13.97 13.96 14.14 14.26 14.47 14.46 14.47 14.29 14.25 14.22 - Max of Temp (°C) 13.98 13.98 14.15 14.30 14.51 14.51 14.52 14.41 14.26 14.52 
- Min of Temp (°C) 13.97 13.94 14.13 14.17 14.34 14.39 14.35 14.27 14.23 13.94 
- Average of Salinity (PSU) 34.74 34.74 34.60 34.51 34.44 34.42 34.44 34.42 34.41 34.55 
- Max of Salinity (PSU) 34.75 34.76 34.61 34.55 34.53 34.49 34.52 34.54 34.45 34.76 
- Min of Salinity (PSU) 34.74 34.73 34.59 34.50 34.41 34.37 34.41 34.39 34.38 34.37 
-
Average of Chi-a (µg/1) 0.47 0.52 0.79 1.13 1.61 1.46 1.61 1.33 1.29 1.07 
- Max of Chi-a (µg/1) 0.52 0.59 0.85 1.30 2.04 1.68 1.97 1.51 1.87 2.04 
- Min of Chi-a (µg/1) 0.43 0.43 0.74 0.82 0.78 1.05 0.91 0.79 0.55 0.43 
Total Average of Temp (°C) 13.99 13.98 14.31 14.46 14.57 14.58 14.55 14.39 14.38 14.52 14.33 
Total Max of Temp (°C) 14.10 14.25 14.67 14.91 14.87 14.94 14.76 14.65 14.72 14.75 14.94 
Total Min of Temp (°C) 13.93 13.86 14.13 14.17 14.19 14.38 14.34 14.27 14.23 14.32 13.86 
Total Average of Salinity (PSU) 34.75 34.75 34.55 34.47 34.41 34.40 34.40 34.39 34.39 34.38 34.52 
Total Max of Salinity (PSU) 34.77 34.78 34.61 34.55 34.53 34.49 34.52 34.54 34.45 34.44 34.78 
Total Min of Salinity (PSU) 34.73 34.63 34.43 34.31 34.25 34.28 34.30 34.32 34.33 34.32 34.25 
Total Average of Chi-a (µg/1) 0.43 0.47 0.77 1.02 1.27 1.18 1.27 1.17 1.19 0.96 0.93 
Total Max of Chi-a (µg/1) 0.52 0.63 1.00 1.30 2.04 1.68 1.97 1.63 1.87 1.17 2.04 
Total Min of Chi-a (µg/1) 0.34 0.36 0.60 0.74 0.50 0.70 0.60 0.68 0.55 0.72 0.34 
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Mar-00 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 13.50 13.54 13.85 14.03 13.99 14.04 13.93 13.82 13.81 13.84 13.80 - Max of Temp (°C) 13.55 13.73 13.89 14.18 14.29 14.33 14.25 14.16 14.27 14.20 14.33 - Min of Temp (°C)2 13.47 13.48 13.64 13.73 13.65 13.61 13.61 13.55 13.56 13.61 13.47 - Average of Salinity (PSU) 34.83 34.79 34.55 34.43 34.44 34.42 34.43 34.44 34.44 34.47 34.56 - Max of Salinity (PSU) 34.84 34.84 34.65 34.55 34.61 34.61 34.60 34.58 34.54 34.58 34.84 - Min of Salinity (PSU) 34.82 34.64 34.49 34.37 34.28 34.30 34.25 34.31 34.21 34.24 34.21 - Average of Chi-a (µg/1) 0.25 0.28 0.33 0.35 0.51 0.46 0.58 0.72 0.45 0.69 0.45 - Max of Chi-a (µg/1) 0.30 0.32 0.39 0.50 0.77 0.70 0.99 1.33 0.75 1.13 1.33 - Min of Chi-a (µg/1) 0.15 0.20 0.23 0.19 0.24 0.27 0.21 0.35 0.27 0.32 0.15 
2 Average of Temp (°C) 13.61 13.61 14.12 14.05 13.96 14.03 14.00 13.97 13.99 13.88 - Max of Temp (°C) 13.74 13.75 14.17 14.43 14.56 14.66 14.58 14.46 14.62 14.66 - Min of Temp (°C)2 13.53 13.57 14.07 13.72 13.57 13.64 13.58 13.61 13.62 13.53 - Average of Salinity (PSU) 34.82 34.79 34.34 34.50 34.44 34.47 34.43 34.43 34.43 34.56 - Max of Salinity (PSU) 34.87 34.82 34.47 34.64 34.59 34.64 34.60 34.56 34.55 34.87 - Min of Salinity (PSU) 34.76 34.66 34.18 34.31 34.24 34.16 34.15 34.24 34.19 34.15 - Average of Chi-a (µg/1) 0.30 0.31 0.46 0.49 0.57 0.47 0.74 0.65 0.76 0.50 - Max of Chi-a (µg/1) 0.36 0.35 0.49 0.63 0.94 0.68 1.03 1.14 1.22 1.22 - Min of Chi-a (µg/1) 0.21 0.23 0.39 0.26 0.31 0.24 0.23 0.30 0.30 0.21 
Total Average of Temp (°C) 13.55 13.58 13.98 14.04 13.97 14.03 13.96 13.89 13.90 13.84 13.84 
Total Max of Temp (°C) 13.74 13.75 14.17 14.43 14.56 14.66 14.58 14.46 14.62 14.20 14.66 
Total Min of Temp (°C)2 13.47 13.48 13.64 13.72 13.57 13.61 13.58 13.55 13.56 13.61 13.47 
Total Average of Salinity (PSU) 34.83 34.79 34.45 34.47 34.44 34.45 34.43 34.44 34.44 34.47 34.56 
Total Max of Salinity (PSU) 34.87 34.84 34.65 34.64 34.61 34.64 34.60 34.58 34.55 34.58 34.87 
Total Min of Salinity (PSU) 34.76 34.64 34.18 34.31 34.24 34.16 34.15 34.24 34.19 34.24 34.15 
Total Average of Chi-a (µg/1) 0.28 0.29 0.40 0.43 0.54 0.46 0.66 0.69 0.60 0.69 0.47 
Total Max of Chi-a (µg/1) 0.36 0.35 0.49 0.63 0.94 0.70 1.03 1.33 1.22 1.13 1.33 
Total Min of Chi-a (µg/1) 0.15 0.20 0.23 0.19 0.24 0.24 0.21 0.30 0.27 0.32 0.15 
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Apr-00 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 13.15 13.15 12.94 12.86 12.72 12.86 12.74 12.73 12.69 12.88 12.90 
Max of Temp (°C) 13.16 13.16 12.95 12.93 12.97 13.00 13.07 12.99 12.93 13.03 13.16 
Min of Temp (°C)2 13.14 13.13 12.93 12.80 12.56 12.71 12.54 12.41 12.33 12.81 12.33 
Average of Salinity (PSU) 34.79 34.80 34.54 34.47 34.34 34.39 34.36 34.35 34.34 34.41 34.51 
Max of Salinity (PSU) 34.80 34.80 34.56 34.54 34.50 34.46 34.50 34.47 34.46 34.50 34.80 
Min of Salinity (PSU) 34.78 34.79 34.51 34.41 34.22 34.30 34.25 34.10 34.10 34.37 34.10 
Average of Chi-a (µg/1) 0.21 0.20 0.24 0.27 0.25 0.22 0.23 0.26 0.24 0.19 0.22 
Max of Chi-a (µg/1) 0.21 0.20 0.25 0.29 0.27 0.23 0.27 0.42 0.33 0.20 0.42 
Min of Chi-a (µg/1) 0.20 0.19 0.22 0.24 0.22 0.21 0.19 0.18 0.1 8 0.18 0.18 
2 Average of Temp (°C) 13.10 12.96 12.47 12.65 12.65 12.73 12.70 12.86 12.77 12.86 12.81 
Max of Temp (°C) 13.10 13.13 12.55 12.79 12.66 12.82 12.81 12.99 12.91 12.91 13.13 
Min of Temp (°C)2 13.10 12.65 12.44 12.56 12.63 12.70 12.64 12.81 12.71 12.81 12.44 
Average of Salinity (PSU) 34.80 34.62 33.90 34.40 34.34 34.41 34.37 34.42 34.39 34.42 34.45 
Max of Salinity (PSU) 34.80 34.80 34.12 34.49 34.36 34.52 34.49 34.49 34.50 34.45 34.80 
Min of Salinity (PSU) 34.79 34.21 33.83 34.30 34.31 34.35 34.31 34.38 34.35 34.40 33.83 
Average of Chi-a (µg/1) 0.22 0.23 0.26 0.30 0.29 0.25 0.27 0.21 0.22 0.23 0.25 
Max of Chi-a (µg/1) 0.23 0.26 0.27 0.35 0.30 0.28 0.32 0.23 0.28 0.24 0.35 
Min of Chi-a (µg/1) 0.20 0.22 0.25 0.25 0.26 0.19 0.25 0.19 0.17 0.20 0.17 
3 Average of Temp (°C) 12.97 12.72 12.67 12.57 12.62 12.62 12.77 12.73 12.71 12.72 
Max of Temp (°C) 13.00 12.72 12.69 12.58 12.63 12.62 12.85 12.74 12.73 13.00 
Min of Temp (°C)2 12.94 12.71 12.66 12.57 12.61 12.61 12.74 12.70 12.69 12.57 
Average of Salinity (PSU) 34.73 34.49 34.45 34.39 34.39 34.37 34.42 34.41 34.41 34.46 
Max of Salinity (PSU) 34.75 34.49 34.46 34.39 34.40 34.38 34.44 34.42 34.42 34.75 
Min of Salinity (PSU) 34.72 34.49 34.44 34.38 34.39 34.37 34.38 34.36 34.40 34.36 
Average of Chi-a (µg/1 ) 0.20 0.27 0.26 0.28 0.26 0.27 0.24 0.29 0.31 0.26 
Max of Chi-a (µg/1) 0.21 0.27 0.27 0.29 0.26 0.29 0.27 0.59 0.34 0.59 
Min of Chi-a (µg/1) 0.20 0.26 0.25 0.27 0.24 0.25 0.22 0.23 0.30 0.20 
4 Average of Temp (°C) 12.93 12.92 12.61 12.56 12.52 12.50 12.54 12.64 12.63 12.57 12.67 
Max of Temp (°C) 12.95 12.92 12.72 12.57 12.57 12.51 12.57 12.64 12.64 12.57 12.95 
Min of Temp (°C)2 12.91 12.91 12.48 12.55 12.51 12.49 12.53 12.64 12.62 12.55 12.48 
Average of Salinity (PSU) 34.74 34.73 34.50 34.47 34.42 34.40 34.40 34.41 34.42 34.40 34.51 
Max of Salinity (PSU) 34.75 34.74 34.59 34.47 34.48 34.40 34.43 34.41 34.42 34.40 34.75 
Min of Salinity (PSU) 34.73 34.73 34.38 34.46 34.40 34.40 34.39 34.41 34.41 34.39 34.38 
Average of Chi-a (µg/1) 0.23 0.24 0.25 0.28 0.27 0.22 0.24 0.21 0.19 0.22 0.24 
Max of Chi-a (µg/1) 0.24 0.25 0.26 0.28 0.29 0.24 0.25 0.23 0.20 0.24 0.29 
Min of Chi-a (µg/1) 0.23 0.24 0.25 0.27 0.26 0.21 0.23 0.20 0.17 0.21 0.17 
Total Average of Temp (°C) 13.03 13.02 12.68 12.68 12.62 12.68 12.65 12.75 12.71 12.75 12.78 
Total Max of Temp (°C) 13.16 13.16 12.95 12.93 12.97 13.00 13.07 12.99 12.93 13.03 13.16 
Total Min of Temp (°C)2 12.91 12.65 12.44 12.55 12.51 12.49 12.53 12.41 12.33 12.55 12.33 
Total Average of Salinity (PSU) 34.76 34.72 34.36 34.45 34.37 34.40 34.38 34.40 34.39 34.41 34.48 
Total Max of Salinity (PSU) 34.80 34.80 34.59 34.54 34.50 34.52 34.50 34.49 34.50 34.50 34.80 
Total Min of Salinity (PSU) 34.72 34.21 33.83 34.30 34.22 34.30 34.25 34.10 34.10 34.37 33.83 
Total Average of Chi-a (µg/1) 0.22 0.22 0.25 0.28 0.27 0.24 0.26 0.23 0.24 0.24 0.24 
Total Max of Chi-a (µg/1) 0.24 0.26 0.27 0.35 0.30 0.28 0.32 0.42 0.59 0.34 0.59 
Total Min of Chi-a (µg/1) 0.20 0.19 0.22 0.24 0.22 0.19 0.19 0.18 0.17 0.18 0.17 
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May-00 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 12.51 12.46 12.40 12.27 11 .92 12.01 12.05 12.01 12.01 12.03 12.20 - Max of Temp (0 C) 12.51 12.46 12.54 12.37 12.21 12.26 12.38 12.42 12.43 12.47 12.54 - Min of Temp (°C) 12.50 12.45 12.31 12.16 11 .74 11 .70 11 .75 11 .53 11 .37 11 .56 11 .37 - Average of Salinity (PSU) 34.71 34.67 34.56 34.40 34.10 34.15 34.15 34.12 34.13 34.11 34.35 - Max of Salinity (PSU) 34.71 34.67 34.72 34.50 34.33 34.38 34.43 34.42 34.46 34.36 34.72 
-
Min of Salinity (PSU) 34.70 34.67 34.41 34.25 33.92 33.85 33.87 33.58 33.55 33.70 33.55 
- Average of Chi-a (µg/1) 0.14 0.15 0.16 0.17 0.14 0.14 0.13 0.12 0.14 0.13 0.14 
-
Max of Chi-a (µg/1) 0.15 0.16 0.17 0.18 0.16 0.15 0.14 0.15 0.23 0.18 0.23 
-
Min of Chi-a (µg/1) 0.13 0.14 0.14 0.16 0.13 0.14 0.12 0.09 0.10 0.11 0.09 
2 Average ofTemp (°C) 12.49 12.53 12.16 12.03 11 .73 11 .88 11 .93 12.15 12.03 12.13 12.14 
-
Max of Temp (°C) 12.56 12.57 12.25 12.19 12.25 12.25 12.33 12.44 12.45 12.31 12.57 - Min of Temp (°C) 12.32 12.43 12.07 11 .82 11.48 11.53 11.64 11 .87 11.41 11.97 11.41 - Average of Salinity (PSU) 34.72 34.74 34.34 34.18 34.09 34.15 34.19 34.22 34.18 34.23 34.35 - Max of Salinity (PSU) 34.78 34.77 34.42 34.36 34.47 34.41 34.44 34.35 34.34 34.36 34.78 - Min of Salinity (PSU) 34.57 34.68 34.23 33.86 33.88 33.88 33.99 34.08 33.84 34.11 33.84 - Average of Chi-a (µg/1) 0.16 0.14 0.16 0.17 0.15 0.15 0.13 0.12 0.12 0.13 0.14 - Max of Chi-a (µg/1) 0.17 0.15 0.17 0.18 0.16 0.16 0.15 0.15 0.15 0.14 0.18 - Min of Chi-a (µg/1) 0.15 0.14 0.15 0.16 0.14 0.14 0.13 0.10 0.11 0.12 0.10 
3 Average of Temp (°C) 12.44 12.10 11 .84 11 .87 11 .86 11 .92 12.09 12.13 12.05 12.08 - Max of Temp (°C) 12.49 12.35 11 .90 12.18 12.22 12.25 12.27 12.29 12.25 12.49 - Min of Temp (0 C) 12.31 11 .97 11 .79 11.50 11.58 11.70 11.79 11.78 11 .87 11.50 - Average of Salinity (PSU) 34.72 34.32 34.02 34.20 34.17 34.19 34.24 34.25 34.23 34.31 - Max of Salinity (PSU) 34.76 34.67 34.20 34.45 34.38 34.39 34.38 34.36 34.39 34.76 - Min of Salinity (PSU) 34.59 34.06 33.79 33.96 33.98 34.02 34.04 34.01 34.09 33.79 - Average of Chi-a (µg/1) 0.14 0.13 0.14 0.13 0.12 0.12 0.12 0.12 0.12 0.13 - Max of Chi-a (µg/1) 0.15 0.14 0.15 0.14 0.13 0.13 0.12 0.12 0.12 0.15 - Min of Chi-a (µg/1) 0.13 0.13 0.14 0.12 0.12 0.12 0.12 0.12 0.11 0.11 
4 Average of Temp (°C) 12.46 12.42 11.97 11 .88 11.87 11.80 11.95 12.01 12.07 11 .95 12.09 - Max of Temp (°C) 12.53 12.50 12.27 11 .98 12.34 12.17 12.32 12.29 12.38 12.22 12.53 - Min of Temp (°C) 12.08 12.27 11 .70 11 .82 11 .27 11.34 11 .63 11 .59 11 .64 11 .65 11.27 - Average of Salinity (PSU) 34.76 34.70 34.05 34.00 34.19 34.16 34.20 34.20 34.20 34.21 34.33 - Max of Salinity (PSU) 34.84 34.78 34.49 34.23 34.49 34.37 34.44 34.40 34.34 34.37 34.84 - Min of Salinity (PSU) 34.28 34.54 33.50 33.79 33.84 33.86 33.98 33.94 33.86 34.02 33.50 - Average of Chi-a (µg/1) 0.14 0.14 0.15 0.14 0.12 0.12 0.12 0.12 0.13 0.12 0.13 - Max of Chi-a (µg/1) 0.14 0.15 0.16 0.15 0.16 0.13 0.13 0.12 0.14 0.13 0.16 - Min of Chi-a (µg/1) 0.13 0.13 0.14 0.14 0.11 0.12 0.11 0.12 0.12 0.12 0.11 
Total Average of Temp (°C) 12.47 12.47 12.16 12.01 11 .85 11 .89 11.96 12.06 12.06 12.05 12.13 
Total Max of Temp (°C) 12.56 12.57 12.54 12.37 12.34 12.26 12.38 12.44 12.45 12.47 12.57 
Total Min of Temp (°C) 12.08 12.27 11 .70 11 .79 11.27 11 .34 11.63 11.53 11 .37 11 .56 11.27 
Total Average of Salinity (PSU) 34.73 34.71 34.32 34.16 34.14 34.16 34.18 34.20 34.19 34.20 34.33 
Total Max of Salinity (PSU) 34.84 34.78 34.72 34.50 34.49 34.41 34.44 34.42 34.46 34.39 34.84 
Total Min of Salinity (PSU) 34.28 34.54 33.50 33.79 33.84 33.85 33.87 33.58 33.55 33.70 33.50 
Total Average of Chi-a (µg/1) 0.14 0.14 0.15 0.16 0.14 0.13 0.13 0.12 0.13 0.13 0.14 
Total Max of Chi-a (µg/1) 0.17 0.16 0.17 0.18 0.16 0.16 0.15 0.15 0.23 0.18 0.23 
Total Min of Chi-a (µg/1) 0.13 0.13 0.13 0.14 0.11 0.12 0.11 0.09 0.10 0.11 0.09 
Appendix B Pivot tables of CTD data fo r each month 118 
Jun-00 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (°C) 12.00 11 .74 10.74 10.44 10.37 10.38 10.35 10.33 10.35 10.32 10.81 - Max ofTemp (°C) 12.10 12.09 11 .69 10.55 10.44 10.53 10.42 10.45 10.46 10.41 12.10 - Min of Temp (°C) 11 .87 11 .06 10.29 10.36 10.28 10.17 10.27 10.21 10.18 10.14 10.14 - Average of Salinity (PSU) 34.64 34.42 33.36 33.32 33.74 33.73 33.81 33.79 33.78 33.78 33.92 - Max of Salinity (PSU) 34.71 34.79 34.62 33.84 33.85 33.92 33.86 33.85 33.86 33.85 34.79 - Min of Salinity (PSU) 34.45 33.64 32.43 32.60 33.54 33.51 33.72 33.70 33.59 33.55 32.43 - Average of Chi-a (µg/1) 0.14 0.16 0.20 0.20 0.15 0.16 0.14 0.14 0.17 0.14 0.16 - Max of Chi-a (µg/1) 0.17 0.19 0.25 0.24 0.20 0.22 0.16 0.15 0.38 0.18 0.38 - Min of Chi-a (µg/1) 0.13 0.14 0.16 0.15 0.09 0.13 0.13 0.13 0.13 0.12 0.09 
2 Average of Temp (°C) 11 .91 11 .70 10.67 10.47 10.39 10.34 10.40 10.31 10.31 10.35 10.83 - Max ofTemp (0 C) 12.05 12.07 11 .01 11 .46 10.46 10.49 10.51 10.40 10.43 10.46 12.07 - Min of Temp (°C) 11.42 10.75 10.44 10.13 10.32 10.20 10.34 10.11 10.19 10.20 10.11 - Average of Salinity (PSU) 34.56 34.39 33.42 33.47 33.69 33.66 33.62 33.62 33.63 33.58 33.86 - Max of Salinity (PSU) 34.66 34.66 33.88 34.56 33.84 33.87 33.84 33.80 33.80 33.85 34.66 - Min of Salinity (PSU) 34.09 33.50 33.01 32.62 33.32 33.17 33.21 33.09 33.21 33.04 32.62 - Average of Chi-a (µg/1) 0.14 0.15 0.20 0.20 0.16 0.17 0.17 0.16 0.16 0.17 0.16 
- Max of Chi-a (µg/1) 0.16 0.19 0.23 0.26 0.20 0.23 0.23 0.21 0.20 0.25 0.26 
- Min of Chi-a (µg/1) 0.13 0.1 4 0.18 0.15 0.13 0.14 0.12 0.14 0.14 0.14 0.12 
Total Average of Temp (°C) 11.95 11.71 10.71 10.46 10.38 10.36 10.37 10.32 10.33 10.33 10.82 
Total Max of Temp (0 C) 12.10 12.09 11 .69 11.46 10.46 10.53 10.51 10.45 10.46 10.46 12.10 
Total Min of Temp (°C) 11.42 10.75 10.29 10.13 10.28 10.17 10.27 10.1 1 10.18 10.14 10.11 
Total Average of Salinity (PSU) 34.60 34.40 33.39 33.39 33.71 33.69 33.72 33.71 33.71 33.68 33.89 
Total Max of Salinity (PSU) 34.71 34.79 34.62 34.56 33.85 33.92 33.86 33.85 33.86 33.85 34.79 
Total Min of Salinity (PSU) 34.09 33.50 32.43 32.60 33.32 33.17 33.21 33.09 33.21 33.04 32.43 
Total Average of Chi-a (µg/1) 0.14 0.15 0.20 0.20 0.15 0.17 0.15 0.15 0.17 0.16 0.16 
Total Max of Chi-a (µg/1) 0.17 0.19 0.25 0.26 0.20 0.23 0.23 0.21 0.38 0.25 0.38 
Total Min of Chi-a (µg/1 ) 0.13 0.14 0.16 0.15 0.09 0.13 0.12 0.13 0.13 0.12 0.09 
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Jul-00 
station I 
day Data 0 1 2 3 4 5 6 7 8 9 Grand Mean 
1 Average of Temp (0 C) 11 .88 11.77 11 .63 11 .07 10.78 10.75 10.79 10.75 10.87 10.85 11 .16 
-
Max of Temp (°C) 11.89 11 .78 11 .89 11 .19 11 .19 10.95 11.10 11 .16 11.28 11.10 11 .89 
-
Min of Temp (°C) 11 .86 11.74 11 .34 11 .00 10.74 10.65 10.65 10.32 10.40 10.71 10.32 
- Average of Salinity (PSU) 34.78 34.76 34.68 34.40 34.31 34.32 34.32 34.33 34.36 34.34 34.48 
-
Max of Salinity (PSU) 34.79 34.78 34.78 34.46 34.44 34.43 34.57 34.46 34.53 34.49 34.79 
-
Min of Salinity (PSU) 34.78 34.76 34.50 34.35 34.26 34.25 34.24 34.15 34.18 34.26 34.15 - Average of Chi-a (µg/1) 0.13 0.14 0.13 0.14 0.11 0.12 0.13 0.15 0.12 0.12 0.13 - Max of Chi-a (µg/1) 0.13 0.14 0.13 0.14 0.14 0.15 0.14 0.19 0.15 0.12 0.19 - Min of Chi-a (µg/1) 0.13 0.14 0.13 0.14 0.11 0.11 0.12 0.12 0.11 0.11 0.11 
2 Average of Temp (°C) 11 .91 11.79 11.44 11 .23 10.70 10.66 10.77 10.76 10.82 10.77 11.14 - Max of Temp (°C) 11 .93 11 .80 11.54 11 .23 10.89 10.76 11 .19 11 .08 11 .20 10.96 11 .93 - Min of Temp (°C) 11 .89 11 .77 11.35 11 .22 10.59 10.59 10.60 10.42 10.39 10.56 10.39 - Average of Salinity (PSU) 34.81 34.77 34.59 34.47 34.32 34.31 34.34 34.35 34.36 34.34 34.49 - Max of Salinity (PSU) 34.82 34.78 34.65 34.48 34.41 34.37 34.57 34.51 34.49 34.51 34.82 - Min of Salinity (PSU) 34.81 34.77 34.54 34.46 34.26 34.26 34.25 34.20 34.17 34.26 34.17 - Average of Chi-a (µg/1) 0.12 0.13 0.12 0.12 0.12 0.10 0.12 0.13 0.11 0.11 0.12 - Max of Chi-a (µg/1) 0.12 0.13 0.13 0.12 0.14 0.12 0.13 0.19 0.12 0.11 0.19 - Min of Chi-a (µg/1) 0.12 0.12 0.12 0.12 0.11 0.09 0.10 0.10 0.10 0.10 0.09 
3 Average of Temp (°C) 12.02 11 .77 11 .26 11.08 10.77 10.72 10.71 10.75 10.77 10.75 11 .13 - Max of Temp (°C) 12.07 11 .84 11.32 11.13 11.05 10.93 11.13 10.93 11.15 10.93 12.07 - Min ofTemp (0 C) 12.00 11 .72 11.23 11 .05 10.51 10.53 10.28 10.44 10.16 10.57 10.16 - Average of Salinity (PSU) 34.83 34.76 34.49 34.41 34.35 34.34 34.28 34.34 34.34 34.34 34.48 - Max of Salinity (PSU) 34.86 34.79 34.53 34.45 34.48 34.44 34.52 34.55 34.46 34.42 34.86 - Min of Salinity (PSU) 34.82 34.75 34.47 34.38 34.24 34.25 33.89 34.21 34.05 34.26 33.89 - Average of Chi-a (µg/1) 0.13 0.13 0.12 0.11 0.13 0.10 0.13 0.13 0.13 0.11 0.12 - Max of Chi-a (µg/1) 0.13 0.13 0.13 0.12 0.14 0.11 0.17 0.17 0.18 0.13 0.18 - Min of Chi-a (µg/1) 0.12 0.13 0.12 0.11 0.12 0.10 0.11 0.11 0.11 0.11 0.10 
4 Average of Temp (0 C) 12.10 11 .89 11 .14 11 .11 10.83 10.68 10.75 10.75 10.81 10.70 11 .19 - Max of Temp (°C) 12.12 11 .96 11.27 11 .14 11 .01 10.90 11 .08 10.92 11 .10 10.92 12.12 - Min of Temp (°C) 12.08 11 .72 11 .05 11 .08 10.61 10.48 10.46 10.56 10.55 10.50 10.46 - Average of Salinity (PSU) 34.84 34.78 34.43 34.42 34.37 34.34 34.35 34.35 34.37 34.34 34.50 - Max of Salinity (PSU) 34.86 34.84 34.51 34.44 34.45 34.44 34.51 34.45 34.49 34.46 34.86 - Min of Salinity (PSU) 34.83 34.64 34.35 34.38 34.27 34.24 34.22 34.27 34.26 34.26 34.22 - Averag~ of Chi-a (µg/1) 0.11 0.11 0.10 0.10 0.11 0.10 0.12 0.12 0.12 0.10 0.11 - Max of Chi-a (µg/1) 0.11 0.12 0.11 0.11 0.13 0.11 0.14 0.14 0.14 0.11 0.14 - Min of Chi-a (µg/1) 0.11 0.11 0.10 0.10 0.10 0.09 0.10 0.10 0.10 0.10 0.09 
Total Average of Temp (°C) 11 .98 11.80 11 .38 11 .13 10.77 10.70 10.75 10.75 10.82 10.77 11 .16 
Total Max of Temp (°C) 12.12 11 .96 11 .89 11 .23 11 .19 10.95 11.19 11 .16 11 .28 11.10 12.12 
Total Min of Temp (°C) 11 .86 11 .72 11 .05 11 .00 10.51 10.48 10.28 10.32 10.16 10.50 10.16 
Total Average of Salinity (PSU) 34.82 34.77 34.55 34.43 34.34 34.33 34.32 34.34 34.36 34.34 34.49 
Total Max of Salinity (PSU) 34.86 34.84 34.78 34.48 34.48 34.44 34.57 34.55 34.53 34.51 34.86 
Total Min of Salinity (PSU) 34.78 34.64 34.35 34.35 34.24 34.24 33.89 34.15 34.05 34.26 33.89 
Total Average of Chi-a (µg/1) 0.12 0.13 0.12 0.12 0.12 0.11 0.12 0.13 0.12 0.11 0.12 
Total Max .of Chi-a (µg/1) 0.13 0.14 0.13 0.14 0.14 0.15 0.17 0.19 0.18 0.13 0.19 
Total Min of Chi-a (µg/1) 0.11 0.11 0.10 0.10 0.10 0.09 0.10 0.10 0.10 0.10 0.09 
Appendix C Nutrient results 
Appendix C - Nutrient results from each water sample. 
DISSOLVED REACTIVE PHOSPHATE (PO/ µg/1) 
120 
DAY/STN Jul-99 Aug-99 Sep-99 Oct-99 Nov-99 Dec-99 Jan-00 Feb-00 Mar-00 Apr-00 May-00 Jun-00 Jul-00 
1.0 7.987 8.763 6.920 6.683 2.370 4.906 12.130 11 .662 5.826 6.456 8.450 1.004 
1.1 7.532 7.883 6.755 6.712 3.885 8.003 7.666 9.383 4.221 6.342 7.855 0.229 0.293 
1.2 9.188 8.120 6.977 6.739 3.569 7.015 8.435 10.103 3.082 6.538 7.875 3.917 3.801 
1.3 9.732 8.159 6.993 6.683 6.058 6.107 4.846 6.542 4.263 6.777 9.266 1.956 4.201 
1.4 15 .198 8.523 7.136 6.863 4.726 4.355 6.595 11.737 4.594 10.860 15 .125 16.115 8.100 
1.5 14.993 7.926 6.963 6.831 4.742 5.064 6.553 17.697 4.411 I 0.409 16.261 14.301 8.967 
1.6 14.732 8.598 7.012 6.880 7.019 4.640 7.977 10.121 5.347 11 .982 14.566 19.022 7.917 
1.7 15.782 8.203 6.904 6.832 9.339 5.311 8.547 12.550 4.390 13.455 18.160 21.018 11 .247 
1.8 18.636 8.063 6.773 6.919 8.759 5.745 9.977 12.921 5.477 13 .127 19.220 19.337 6.766 
1.9 18.218 7.784 7.042 6.875 8.624 5.347 10.066 15.031 4.824 13 .533 16.983 26.761 9.730 
2.0 7.671 7.733 6.881 6.859 4.030 4.743 9.273 7.315 3.974 5.534 7.770 0.988 0.177 
2.1 6.551 7.820 6.857 6.733 4.526 4.619 8.151 10.439 4.593 6.489 9.090 2.724 1.689 
2.2 7.792 7.441 6.931 6.806 4.100 8.061 8.718 6.851 2.941 5.917 8.550 6.698 4.608 
2.3 6.391 7.806 6.959 6.827 5.266 4.892 7.913 7.742 3.570 9.931 9.728 5.755 
2.4 14.942 7.050 7.096 7.155 5.287 5.601 12.028 8.816 3.794 11 .533 17.246 11.145 15 .747 
2.5 13.193 9.247 7.069 . 6.931 6.603 5.481 9.919 9.400 3.624 11 .737 15.924 13.502 13.838 
2.6 14.926 8.983 7.099 7.155 8.709 5.735 10.591 8.782 3.898 11.950 18.089 16.785 12.975 
2.7 13.485 9.943 7.094 7.137 10.623 6.973 11.456 10.722 3.834 13 .080 16.807 25.159 13 .399 
2.8 16.029 8.630 6.933 6.951 11.660 7.180 11.601 7.353 5.862 14.606 18.587 28.362 12.235 
2.9 13.596 8.420 7.005 7.096 9.256 6.536 8.906 11.917 5.661 11.138 18.314 7.024 13 .598 
3.0 6.746 7.543 6.880 6.917 5.697 5.008 8.208 8.369 4.571 6.455 8.740 1.612 
3.1 7.463 6.539 6.721 6.946 5.332 5.568 8.380 9.806 5.580 1.313 
3.2 6.971 7.865 6.876 7.002 5.026 4.623 10.662 8.081 2.959 6.413 9.060 4.757 
3.3 8.977 7.362 7.098 7.133 4.833 5.056 8.254 6.575 2.990 6.168 10.725 3.955 
3.4 13.916 6.229 6.992 6.861 7.742 5.439 10.747 8.357 4.715 8.795 18.827 11.594 
3.5 11.007 7.420 6.865 7.119 7.480 6.353 10.564 10.445 4.407 10.919 17.441 13.368 
3.6 11 .527 5.704 7.009 7.160 10.101 5.515 9.743 10.190 5.573 13 .182 17.062 16.758 
3.7 15.151 7.082 7.010 7.013 9.868 6.722 12.817 5.115 15.406 17.673 23.481 
3.8 10.716 8.146 6.824 7.110 14.090 7.546 14.270 12.902 5.545 15.563 20.796 16.914 
3.9 12.544 10.141 7.022 7.089 9.076 7.032 12.859 11.216 5.734 12.645 16.329 11.389 
4.0 6.555 6.501 6.797 7.010 5.059 7.109 8.313 8.874 5.797 8.933 0.205 
4.1 7.180 7.890 6.814 6.993 6.853 4.973 7.120 9.809 6.594 11 .546 2.858 
4.2 7.822 6.623 6.845 6.959 4.408 5.079 7.347 5.822 6.539 15 .597 4.894 
4.3 7.399 8.333 6.996 6.900 5.281 4.989 7.055 8.063 7.441 17.622 8.386 
4.4 12.427 5.540 6.918 7.136 8.406 5.663 8.297 7.061 12.797 35 .016 19.902 
4.5 11.367 6.744 6.962 7.061 9.326 5.813 9.579 12.901 11.148 18.687 13 .735 
4.6 12.382 7.758 6.961 7.066 10.204 6.642 10.046 9.435 14.641 33.413 16.175 
4.7 11.120 8.820 6.876 6.686 10.673 7.131 13 .414 9.215 14.197 30.223 15.211 
4.8 11.311 9.844 6.847 6.966 11 .209 7.923 10.301 10.274 14.066 36.758 20.163 
4.9 11 .088 7.565 6.839 6.996 9.321 7.704 15.729 12.544 13.671 31.430 14.366 
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AMMONIUM (NH4+ µg/1) 
DAY/STN Jul-99 Aug-99 Sep-99 Oct-99 Nov-99 Dec-99 Jan-00 Feb-00 Mar-00 Apr-00 May-00 Jun-00 Jul-00 
1.0 6.380 7.783 19.297 0.000 5.673 20.364 4.147 29.109 0.000 0.000 0.000 39.287 5.644 
1.1 10.535 2.367 22.851 0.000 0.466 12.629 4.807 9.643 6.833 0.000 0.000 54.474 2.013 
1.2 2.415 6.175 29.702 0.000 0.964 28.266 2.670 15 .633 0.000 0.000 0.000 71.456 33 .040 
1.3 9.473 6.009 33.682 31.651 6.936 0.000 0.635 13 .825 0.000 0.000 0.000 6.987 4.669 
1.4 39.622 10.577 35 .151 35.195 2.815 0.000 6.036 22.812 0.000 32.425 53.413 133.819 30.675 
1.5 4 1.633 7.395 35.122 34.138 2.349 0.000 5.549 32.017 0.608 22.138 65.889 104.179 39.533 
1.6 56.497 15.066 34.773 35.263 7.415 0.391 14.525 40.191 0.875 41.970 44.617 95.775 39.844 
1.7 43.859 13 .322 33.089 34.475 28.385 4.097 3.423 12.273 0.000 41.709 70.561 125.434 32.309 
1.8 69.252 12.399 30.598 34.858 26.198 0.347 6.692 32.208 0.000 46.718 75.391 91.130 57.392 
1.9 50.140 8.700 33 .962 35.035 21.863 1.715 10.549 62.232 12.502 45.488 77.799 326.188 35.342 
2.0 1.867 6.489 15 .610 25.355 4.048 3.831 8.227 20.747 0.000 0.000 0.000 25.716 8.880 
2.1 3.309 2.797 17.413 22.103 0.156 2.650 1.729 23.548 0.000 0.000 0.000 96.340 10.972 
2.2 7.107 3.571 20.864 32.084 2.103 0.177 3.32] 11.406 0.000 0.000 0.000 65.284 262.467 
2.3 3.198 6.336 29.5 16 32.041 2.605 1.432 3.924 11.734 0.000 14.555 2.736 68.434 47.273 
2.4 49.590 5.332 33.810 35.846 4.765 0.000 24.158 21.903 0.000 30.078 69.249 31.637 265.393 
2.5 31.883 14.409 33.329 35.890 14.770 0.850 9.813 18.800 0.000 31.652 70.290 131.502 224.292 
2.6 44.856 13.213 33.922 36.3 19 27.996 0.258 6.841 8.705 0.000 31.641 74.343 119.015 100.196 
2.7 40.860 11.444 31.743 36.128 33 .733 0.145 11 .884 9.727 0.000 40.559 55.434 250.881 100.797 
2.8 62.116 13.488 27.359 36.261 39.674 4.775 22.637 21.107 0.000 40.663 64.412 175.653 106.737 
2.9 40.176 11.131 32.591 35.904 31.121 2.909 6.947 22.475 4.777 20.913 68.975 40.398 163.312 
3.0 1.992 3.767 15.683 17.497 3.752 4.364 1.403 17.720 0.000 0.000 0.000 65.439 
3.1 15.866 2.587 16.022 21.207 11 .857 41.766 1.793 9.971 0.000 111.519 
3.2 2.729 2.171 23 .181 26.703 3.663 12.958 18.905 19.017 0.000 0.000 0.000 100.055 
3.3 10.923 5.500 32.548 33.932 2.802 1.350 7.771 12.151 0.000 0.000 1.774 25.183 
3.4 50.588 2.075 34.622 36.454 6.759 3.103 23.426 7.166 0.000 11.476 88.713 97.564 
3.5 27.432 6.687 34.585 35.048 13 .979 3.689 18.229 14.536 0.000 20.386 68.498 115.151 
3.6 33 .135 1.530 34.837 35.743 25.333 4.961 16.849 22.298 4.450 33.271 64.620 170.816 
3.7 63.242 10.551 31.465 36. 184 30.373 5.636 40.641 51.133 0.000 45.419 55.704 85 .097 
3.8 26.998 9.872 32.322 32.941 53.789 2.293 35.158 15.141 0.000 41.537 71.042 84.531 
3.9 39.941 9.537 33.180 33.896 24.382 4.793 41.509 21.701 10.992 29.429 47.378 73.186 
4.0 1.688 2.024 18.165 19.529 5.357 8.738 0.000 26.133 11.366 0.000 53.796 
4.1 2.255 0.318 18.539 21.042 6.226 2.208 3.748 16.870 0.000 226.720 99.054 
4.2 8.993 3.651 26.385 26.472 3.487 2.693 1.841 11.004 2.236 187.266 80.203 
4.3 3.687 3.471 32.224 31.175 5.440 1.469 1.356 9.467 0.000 228.937 197.302 
4.4 32.879 1.196 34.554 35 .705 16.452 0.733 3.605 15.435 27.523 340.264 466.084 
4.5 21.755 7.026 34.881 36.553 23.385 0.616 16.639 29.739 20.757 53.167 112.404 
4.6 32.925 7.817 32.816 35.764 27.100 0.352 3.683 4.877 38.261 327.127 133 .001 
4.7 32.915 11.100 83 .226 35.920 31 .283 0.000 32.496 21.692 42.425 283.699 99.304 
4.8 32.149 22.449 73.676 35.213 48.106 0.000 6.181 7.112 43.553 356.690 99.896 
4.9 48.749 11 .020 35.600 28.556 4.080 64.805 17.331 46.454 277.980 46.022 
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TOTAL OXIDISED NITROGEN (N03- + N02" µg/1) 
DAY/STN Jul-99 Aug-99 Sep-99 Oct-99 Nov-99 Dec-99 Jan-00 Feb-00 Mar-00 Apr-00 May-00 Jun-00 Jul-00 
1.0 42.229 50.368 19.297 0.000 4.330 5.804 95.541 86.523 44.9862 48.4817 64.4042 81.700 64.189 
1.1 56.870 58.819 22.851 0.000 2.403 4.068 76.369 78.956 29.5127 50.4617 60.3392 74.690 63.392 
1.2 61.138 47.528 29.702 0.000 0.000 1.595 38.125 38.327 11.3005 43.4707 51.5325 82.926 68.885 
1.3 64.550 47.782 33.682 31.651 34.229 0.384 13.394 24.330 4.86524 37.7502 59.1165 80.870 69.753 
1.4 76.802 46.400 35.151 35.195 3.455 0.000 5.217 14.171 5.20455 33 .2797 54.7712 100.318 91.878 
1.5 74.830 46.683 35.122 34.138 11.723 0.000 5.524 36.528 5.38176 34.9404 54.532 97.449 88.426 
1.6 96.904 43.581 34.773 35.263 17.781 0.097 4.503 24.371 5.07751 32.8198 53.7821 97.385 57.442 
1.7 75 .607 44.737 33.089 34.475 8.015 0.206 1.786 33 .733 6.26203 33 .0343 53.5173 97.654 88.038 
1.8 73.371 30.094 30.598 34.858 11.315 0.000 5.543 38.049 33.3973 32.2695 53.3986 99.003 50.477 
1.9 81.108 38.067 33.962 35.035 6.009 5.375 5.395 50.455 8.71009 36.087 53 .5136 107.600 90.078 
2.0 53 .680 38.923 15.610 25.355 4.389 6.463 69.546 79.601 42.927 50.7801 63.7161 74.007 66.687 
2.1 33.894 46.884 17.413 22.103 2.276 4.894 67.447 100.493 40.341 42.5098 64.4928 82.579 49.973 
2.2 55 .663 48.650 20.864 32.084 3.927 1.516 49.704 30.482 6.79688 35.6634 61.2704 89.220 75.454 
2.3 41.234 44.723 29.516 32.041 2.273 1.446 21.555 11.269 5.88698 35.1113 59.7042 87.499 80.505 
2.4 66.741 40.569 33 .810 35.846 12.882 0.000 4.492 13.451 5.74582 35.2504 53.8048 78.570 102.244 
2.5 69.745 45 .820 33.329 35.890 15.161 0.990 5.678 23 .852 5.64462 36.9408 51.7991 98.131 102.566 
2.6 68.366 43 .537 33 .922 36.319 26.683 0.000 2.999 20.127 5.00396 35.3482 55.7711 99.534 101.966 
2.7 63 .231 65 .153 31.743 36.128 8.572 0.000 0.982 26.024 4.62163 37.5803 58.1369 84.286 101.637 
2.8 75.325 26.370 27.359 36.261 16.169 4.681 5.044 21.703 5.28684 36.832 51.3106 96.121 104.255 
2.9 47.377 43.734 32.591 35.904 20.496 1.174 7.377 39.417 7.12494 39.6334 61.4218 85.191 105.736 
3.0 49.912 51.621 15.683 17.497 6.016 10.504 60.847 62.458 47.9894 49.4802 64.9577 71.510 
3.1 47.318 44.023 16.022 21 .207 2.873 11 .769 59.602 73.985 43.6076 76.339 
3.2 51.818 55.471 23.181 26.703 8.248 2.383 52.574 45.864 11.3427 44.6263 63.0977 77.995 
3.3 59.549 43 .275 32.548 33 .932 3.375 0.000 19.755 15 .604 4.19089 42.3829 63.5327 71.758 
3.4 67.884 35 .366 34.622 36.454 17.031 0.000 4.760 5.966 5.47949 37.6646 63.8783 95 .084 
3.5 64.439 42.693 34.585 35.048 1.751 2.099 7.563 22.050 1.54947 37.9026 50.5276 98.727 
3.6 57.861 29.231 34.837 35.743 6.256 0.202 2.550 26.156 6.44365 38.5305 59.7262 102.185 
3.7 73.716 34.516 31.465 36.184 8.769 0.969 4.956 30.615 5.95188 43.0677 60.6166 68.930 
3.8 52.730 43.297 32.322 32.941 11 .064 0.075 4.751 14.022 4.00501 41.682 61.825 94.696 
3.9 48.481 46.362 33.180 33.896 7.644 1.166 8.802 32.357 6.15613 40.4225 60.4409 96.004 
4.0 46.462 46.346 18.165 19.529 4.147 21.485 50.995 64.863 40.8591 72.6786 71.039 
4.1 49.386 56.792 18.539 21.042 27.874 2.411 48.530 68.921 50.6969 85.9554 58.252 
4.2 46.318 44.138 26.385 26.472 5.427 2.546 44.441 29.651 29.2729 77.2724 80.173 
4.3 48.585 47.849 32.224 31.175 3.587 0.015 18.993 23.583 43 .0545 74.4826 78.433 
4.4 57.100 30.906 34.554 35.705 7.720 0.000 2.539 2.695 41.2628 70.9506 101.740 
4.5 38.446 34.284 34.881 36.553 3.497 0.000 5.411 7.253 36.2908 45.0416 100.406 
4.6 50.958 38.802 32.816 35.764 10.534 3.443 2.327 6.090 41.1666 71.3577 100.382 
4.7 52.873 46.336 83 .226 35.920 26.996 0.276 6.914 16.623 41.0223 76.8989 101.396 
4.8 47.661 44.219 73.676 35.213 9.293 2.219 0.997 7.724 40.0754 73 .791 102.487 
4.9 54.449 36.225 35.600 33.557 5.011 9.269 17.445 29.9175 73.8475 88.921 
Appendix D ANOVA tables 
Appendix D -ANOVA tables not included in the text. 
Chapter 2 - Water properties 
2.1 
Analysis of Variance For temperature 
331 total cases of which 3 are missing 
Source df Sums of Squares Mean Square 
Const 1 49547.1 49547.1 
month 12 537.265 44.7721 
area 2 1.86925 0.934626 
mnh*ara 24 38.4202 1.60084 
Error 289 6.28042 0.021732 
Total 327 652.376 
2.2 
Analysis of Variance For salinity 
331 total cases of which 3 are missing 
Source df Sums of Squares Mean Square 
Const 1 389112 389112 
mnh 12 7.93608 0.661340 
ara 2 11 .2355 5.61775 
mnh*ara 24 2.43114 0.101297 
Error 289 2.32290 0.008038 
Total 327 24.4370 
2.3 
Analysis of Variance For chlorophyll-a 
331 total cases of which 3 are missing 
Source df Sums of Squares Mean Square 
Const 1 108.748 108.748 
Mnh 12 93.8803 7.82336 
ara 2 1.24618 0.623091 
mnh*ara 24 3.73544 0.155644 
Error 289 2.53993 0.008789 
































Appendix D ANOVA tables 
2.4 
Analysis of Variance For DRP 











Analysis of Variance For 
No Selector 





















Analysis of Variance For 
No Selector 





























Sums of Squares Mean Square 
521066 521066 
153635 12802.9 
765.215 382.607 
10138.5 422.437 
316.635 79.1586 
4284.25 89.2552 
18029.7 72.1187 
262362 
F-ratio 
4761.9 
24.902 
75.513 
5.6150 
4.1237 
0.64672 
F-ratio 
115.62 
11.851 
4.9711 
0.78018 
0.56652 
0.79958 
F-ratio 
7225.1 
177.53 
5.3052 
5.8575 
1.0976 
1.2376 
Prob 
S 0.0001 
S 0.0001 
S 0.0001 
S 0.0001 
0.0030 
0.9645 
Prob 
S 0.0001 
S 0.0001 
0.0078 
0.7358 
0.6872 
0.7982 
Prob 
S 0.0001 
S 0.0001 
0.0055 
S 0.0001 
0.3583 
0.1520 
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